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co u n te rp a rts  a re  no t s u ff ic ie n t to  c o n fe r  a BM O -lik e  a c tiv ity  p. 184
8 .7  T h e  M 184V  m u ta n t is an  u n s tab le  en zym e  p. 186
8 .8  E v id en ce  o f  s u b s tra te  tra ff ic k in g  v ia  h y d ro p hob ic  c a v it ie s
1 ,2  and  3 p .188
8 .9  S um m a ry  p .191
R e fe re n ces  p. 193
A pp en d ix  1 m ed ia  p rep a ra tio n  p .216
A p p en d ix  2 B u ffe r  p rep a ra tio n  p .219
A pp en d ix  3 SD S  PAGE  reag en ts  and  p ro to co l p .221
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A pp en d ix  4  E th ano l fre e  NADH  p rep a ra tio n  
P ape rs  
S ta tem en t
p .22 3
The  w o rk  ca rried  ou t in th is  th e s is  w as  unde rta ken  to  s tud y  th e  so lu b le  m e thane  
m onoo xygenase  e n zym e  us ing  m u tagen ic  m e thods . T he  w o rk  con ta ined  in th is  
th e s is  is th e  re su lt o f o r ig ina l re sea rch  unde rta ken  by m yse lf u n de r th e  supe rv is io n  o f 
P rof. T. J. Sm ith , S he ffie ld  H a llam  U n ive rs ity  and  P ro f J .C . M urre ll, U n ive rs ity  o f 
W a rw ic k  e xcep tin g  th e  fo llow ing :
(A ) C rea tion  o f m u tan ts  L110C , L110G , L110Y , L110R  (C hap te r 3) and M 184V , 
C 151T , F 282L  (C hap te r 4 ) by  D r E. B o rod ina , U n ive rs ity  o f W a rw ick .
(B ) C rea tion  o f p la sm id  P T2M L  by D r M a lco lm  Lock, S he ffie ld  H a llam  U n ive rs ity
A ll sou rce s  o f in fo rm a tio n  have  been  re fe renced
N one  o f th e  w o rk  con ta ined  in th is  th e s is  has been  subm itte d  p re v io u s ly  fo r  a 
re sea rch  deg ree .
T im  N icho l 
June  2011
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A ckn ow led g em en ts
F irs t and  fo re m o s t I w o u ld  like  to  tha n k  m y su p e rv is o r P ro fe sso r T h om as  J. Sm ith  
(S he ffie ld  H a llam  U n ive rs ity ) fo r  a ll th e  adv ice  and sup po rt he has g iven  m e o ve r th e  
yea rs , w ith o u t h is e n co u ra gem en t th is  th e s is  w ou ld  no t have  been  poss ib le . I w ou ld  
a lso  like  to  th a n k  m y co lla b o ra to r P ro fe sso r J. C o lin  M u rre ll (U n ive rs ity  o f W a rw ic k ) 
w ho  has g iven  m e lo ts o f a d v ice  and  suppo rt th ro u g h o u t m y tim e  w o rk in g  on  sMMO ; 
and th a n ks  to  m y  second  su p e rv is o r P ro fe sso r P. S trong  w ho  a lso  g iven  m e  ad v ice  
on w ritin g  th is  th e s is  and  ta ken  tim e  to  he lp  go  th rough  th is  w ork .
I w ou ld  a lso  like to  th a n k  P ro fe sso r N ico la  W ood ro o fe  and the  BMRC  (S he ffie ld  
H a llam  U n ive rs ity ) fo r  fu n d in g  and a llow ing  m e  to  ca rry  ou t th is  PhD .
T hanks  to  D r E lena  B o rod ina  (U n ive rs ity  o f B ris to l) fo r  he r he lp  in c re a tin g  th e  
L e u 1 10 m u tan ts  and to  D r M a lco lm  Lock  (S he ffie ld  H a llam  U n ive rs ity ) fo r  h is  he lp  
w ith  th e  c re a tio n  o f th e  pT 2M L  e xp re ss io n  ve c to r and  to  a ll o th e r m em be rs  o f the  
m ic ro b io lo g y  la bo ra to ry  bo th  pas t and  p re sen t fo r  y o u r con tinued  suppo rt.
I w ou ld  a lso  like  to  th a n k  the  te ch n ica l s ta ff he re  a t S he ffie ld  H a llam  U n ive rs ity , 
pa rtic u la rly  Joan  Hague , M ike  C ox  and Dan  K insm an  fo r  he lp  w ith  th e  GC  and  
GCMS .
O u ts id e  o f th e  la bo ra to ry  I w ou ld  like to  th a n k  m y fam ily  and  p a rtic u la r ly  m y  w ife  
C a ro lin e  w ho  has pu t up w ith  m e w o rk in g  on  th is  PhD  as long as  I have  know n  he r 
and  has show n  com p le te  pa tience  and u nde rs tand ing  a t a ll t im e s  It's  f in a lly  done !!!
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A bs tra c t
S o lub le  m e thane  m onoo xygenase  (sM MO ) is a m u lt ic om ponen t bac te ria l e n zym e  
th a t ca ta lyzes  th e  o x id a tio n  o f m e thane  to  m e thano l, as w e ll as o x id iz in g  m any  o th e r 
a d ven tit io u s  subs tra te s . A  n um be r o f m u tagen ic  s tud ie s  w e re  ca rried  ou t on the  
sMMO  enzym e  o f M e th y lo s in u s  t r ic h o s p o r iu m  O B3b  in o rd e r to  ga in  in s ig h t in to 
sMMO  and  p robe  how  s tru c tu ra l a spec ts  re la te  to  fu n c tio n  o f the  enzym e .
L e u 1 10 w ith in  th e  h yd ro xy la se  a -su b u n it o f sMMO  has been  p roposed  as a 
poss ib le  ga ting  re s idue , con tro llin g  acce ss  o f su b s tra te  to  th e  a c tive  s ite  
(R osenzw e ig  e t  a l. 1997). A  range  o f s ite  d ire c ted  m u tan ts  w e re  c re a ted  a t the  110 
pos ition  and  sc re ened  fo r  a c tiv ity  w ith  a num be r o f a rom a tic  sub s tra te s . A ll m u tan ts  
show ed  re la xed  re g io se le c tiv ity  w ith  all su b s tra te s  assayed . H ow eve r no e v id en ce  o f 
a ga ting  re s idue  w as  found , ind ica ting  th a t Leu110  is m o re  im po rta n t in d e te rm in in g  
re g io se le c tiv ity  than  sub s tra te  acce ss  to  the  ac tive  site .
C om pa riso n  to  th e  h igh ly  s im ila r bu tane  m onoo xygenase  led to  th e  c re a tio n  o f 
th re e  s ite  d ire c ted  m u tan ts : M 184V  F282L  and C 151T . M 184V  and  C 151T  show ed  
sm a ll c hanges  in re g io se le c tiv ity  and  reduced  a c tiv ity  w ith  m os t su b s tra te s . T he  
M 184V  m u tan t show ed  re la xed  re g io se le c tiv ity  and  a nove l o x id a tio n  p ro du c t w ith  
the  sub s tra te  m e s ity le ne  w h ich  m ay  have  im p lica tio n s  fo r  sub s tra te  tra ffic k in g . T h e  
F 282L  m u tan t p roduced  a s tab le  en zym e  w h ich  had no a c tiv ity  w ith  a n y  o f the  
sub s tra te s  te s ted , show ing  P he282  is im po rta n t fo r  th e  en zym e  fu n c tio n .
A  ra ndom  m u tagenes is  e xp e rim en t w a s  dev ised  and  a c o lo r im e tr ic  sc re en  fo r  
th e  ox id a tio n  o f tr ia rom a tic  com pounds  w as  used to  sc reen  m u tan t lib ra rie s  fo r  
a c tiv ity  tow a rd s  a n th ra cene  and phenan th rene . H ow eve r no a c tiv ity  tow a rd s  
tr ia rom a tic  com pounds  w as  de tec ted . In o rd e r to  im p rove  th e  c lon ing  s tra te g ie s  and  
to  m ake  c rea tion  o f m u ta n t lib ra rie s  eas ie r, a nove l e xp re ss io n  v e c to r pT 2M L  w as  
c rea ted . T he  pT 2M L  ve c to r reduces  th e  n um be r o f c lon in g  s tep s  requ ired  to  m ake  
so lu b le  m e thane  m onoo xygenase  m u tan ts . T h is  e xp re ss io n  sys tem  w as  used  to  
m ake  a s ite  d ire c ted  m u tan ts  F 1 8 8 A a n d  N 116G  in o rd e r to  c om p lem en t p re v io u s  
s ite  d ire c ted  m u tan t s tud ies , as w e ll as a re com b in an t w ild  type  m u tan t in o rd e r to  
asses  th e  a c tiv ity  o f th e  new  exp ress ion  sys tem  w h ich  is c om pa r ib le  to  th e  w ild  ty p e  
enzym e .
C hap te r  1: In troduc tio n  
1.1 M e th ano troph s  and  m e th ane  m onooxygen ase
1 .1 .1 ) M e th an o tro p h ic  b ac te ria
M e thano troph s  a re  ae rob ic  G ram  nega tive  o rg a n ism s  th a t u tilize  m e thane  as th e ir  
so le  sou rce  o f ca rbon  and  ene rgy . T h e se  o rg an ism s  o x id ize  m e thane  v ia  m e thano l 
to  fo rm a ld ehyde , w h ich  is then  a ss im ila ted  in to  c e llu la r b iom ass  v ia  one  o f tw o  
d is tin c t p a thw ays  (F ig. 1.1). M e th ano tro ph ic  ba c te ria  a re  h igh ly  p re va le n t in the  
e n v iro nm en t and  have  been  iso la ted  from  num e rous  d ive rse  sou rces  in c lu d ing  
w e tla nds , ag ricu ltu ra l so ils , m a rine  sed im en ts  (H anson  and H anson , 1996) as  w e ll 
as m o re  e x trem e  e n v iro nm en ts  such  as ho t sp r in g s  (B od ro ssy  e t  a l. 1995) and  
a lka lin e  soda  la kes  (K hm e len in a  e t  a l. 1997). S ym b io tic  m e th ano tro ph s  have  a lso  
been  iden tified  such  as th o se  liv ing in th e  g ills  o f d eep  sea  m usse ls  and  g u tle ss  
tu b e -dw e llin g  w o rm s  a round  h yd ro th e rm ic  ven ts  (C avanaugh  e t  a l. 1987; 
S chm a ljo han , 1991). M e tha n o tro p h ic  ba c te ria  a re  b road ly  d iv ided  in to  tw o  g ro u p s  
based  o r ig in a lly  on th e  a rra n gem en t o f th e ir  in tra c y to p la sm ic  m em b ranes  (ICM )
(T ab le  1.1). T ype  I m e thano tro ph s  con ta in  bund le s  o f ve s ic le  d iscs  th ro u g h o u t th e  
ce ll and  a re  g rouped  in th e  gam m a  p ro te o ba c te ria  subd iv is io n . T yp e  II 
m e thano troph s  have  pa ired  pe riphe ra l la ye rs  o f in tra cy to p la sm ic  m em b ra ne s  and 
a re  g rouped  in th e  a lpha  p ro te o ba c te ria  subd iv is io n  (D av ie s  and W h itte n b u ry  1970 , 
W h itte n bu ry  e t  a l. 1970). T he  type  I m e thano troph s , in c lud ing  the  gene ra  
M e th y lo m o n a s ,  M e th y lo b a c te r ,  M e th y lo m ic ro b iu m  and M e th y lo c o c c u s  a s s im ila te  
fo rm a ld eh yd e  in to  ce llu la r b iom ass  v ia  th e  r ib u lo se  m onophospha te  p a thw a y  (R uM P ), 
w he rea s  th e  type  II m e thano troph s , in c lud ing  th e  g ene ra  M e th y lo s in u s  and 
M e th y lo c y s t is  a ss im ila te  fo rm a ld e h yd e  in to  ce llu la r b iom ass  v ia  th e  se r in e  p a thw a y  
(A n th on y  1992; H anson  and  H anson , 1996) (F ig. 1 .1) In re cen t yea rs  a n um be r o f 
iso la tes  have  been  d is co ve r th a t ex tend  th is  in itia l c la ss ifica tio n  o f m e th a n o tro p h s . 
F ilam en tous  bac te ria  o f th e  C lo n o th r ix  and C re n o th r ix  g ene ra  have  been  id en tifie d  
as m e thano troph s . T h e se  have  been  iden tifie d  as ICM  type  I b e long ing  to  th e  y - 
p ro teoba c te ria  phy lum  and  con ta in  p a rticu la te  m e thane  m onoo xygenase  (S to e ke r e t  
al. 2006 ; V ig lio tta  e t  a l. 2007 ). A  num be r o f m e thano tro ph s  o f the  a c id o ph ilic
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M e th y lo c a p s a  g e n u s  have  been  iso la ted  and  a p pea r to  be long  to  a new  in tra ce llu la r 
m em b rane  c la ss ifica tio n  type . T he  ce lls  con ta in  a w e ll d e ve loped  in tra c y to p la sm ic  
m em b rane  sys tem  packed  in pa ra lle l on one  s ide  o f th e  m em b rane  and have  been  
te rm ed  type  III (D edysh  e t  a l. 2003 ; D un fie ld  e t  a l. 2010 ). T h ree  sepa ra te  
th e rm oa c id o ph ilic  m e thano troph s : M e th y lo a c id ip h il iu m , A c id im e th y lo s i le x  and 
M e th y lo a c id a  be long ing  to  th e  V e rru com ic ro b ia  phy lum  have  been  iden tifie d  (P o l e t  
al. 2007 ; Hou e t  a l. 2008 ; Is lam  e t  a l. 2008 ; K hadem  e t  a l. 2010 ). T h e se  
m e thano troph s  do  no t a p pea r to  have  d is tin c t in tra cy to p la sm ic  m em b ra ne s  h ow eve r 
th e  p resen ce  o f p o lyhed ra l o rg ane lle s  in th e se  o rg an ism s  m ay re p re sen t a nove l 
ICM  type  IV. T h e se  o rg ane lle s  a re  s im ila r in a p pea ran ce  to  ca rb o xysom es  invo lved  
in C 0 2 fu n c tio n . T he  p resen ce  o f th e se  o rg ane lle s  as  w e ll as  the  d e te c tio n  o f genes  
invo lved  in th e  se r in e  pa thw ay , te tra h yd ro fo la te  p a thw ay  and  C a lv in  cyc le  p a thw ay  
led B irke land  and co -w o rke rs  to  sugges t th e se  o rgan ism s  m ay a ss im ila te  ca rbon  
com pounds  v ia  a un ique  m echan ism  (Is lam  e t  a l. 2008 ).
Typ e  I M e t h a n o t ro p h s
r




p M M O
CH .O H M D H HCHO FA D H HCOOH FD H CO-
I
S e r in e  P a th w a y
Typ e  II M e t h a n o t ro p h s
F ig . 1 .1 ) P a thw a ys  fo r  th e  o x id a tio n  o f  m e th a n e  and  a s s im ila t io n  o f fo rm a ld e h y d e . A b b re v ia t io n s : 
sM M O  so lu b le  m e th a n e  m o n o o x yg e n a se , pM M O  p a r t ic u la te  m o n o o x yg e n a se , M DH  m e th a n o l 
d e h yd ro g e n a se , F ADH  fo rm a ld e h y d e  d e h yd ro g e n a se , FDH  fo rm a te  d e h y d ro g e n a s e  (A n th o n y , 1992 ; 
H an son  and  H an son , 1996 ).
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T ab le  1.1 C la ss ific a tio n  o f m e th ano tro ph  gene ra
Genus name Phylogeny MMO Ci ICM n 2 G+C Major Trophic niche
type assim ilation ty p e 1 fixation (mol %) P LFA 2
M e th y lo b a c te r y P ro te o b a c te r ia pM MO RuM P type  I No 4 9 -5 4 16:1 som e  p s ych ro ph ilic
M e th y lo s o m a y P ro te o b a c te r ia pMMO no t know n typ e  I Y e s 49 .9 16:1 n o t e x trem e
M e th y lo m ic ro b iu m y P ro te o b a c te r ia pM M O  + / -  
sM M O
R uM P type  I No 4 9 -6 0 16:1 H a lo to le ra n t; a lk a lip h ilic
M e th y lo m o n a s Y P ro te o b a c te r ia pM MO  + / -  
sM M O
R uM P type  I som e 51 -59 16:1 som e  p sych ro p h ilic
M e th y lo s a r c in a Y P ro te o b a c te r ia pMMO RuM P type  I No 54 16:1 no t e x trem e
M e th y lo s p h a e ra Y P ro te o b a c te r ia pMMO RuM P ND3 Y es 4 3 -4 6 16:1 p s y ch ro p h ilic
M e th y lo c o c c u s Y P ro te o b a c te r ia pM M O  + 
sM M O
R uM P /S e r in e typ e  I Y e s 59 -66 16:1 th e rm o p h ilic
M e th y lo c a ld u m Y P ro te o b a c te r ia pM MO R uM P /S e rin e ty p e  I No 57 16:1 th e rm o p h ilic
M e th y lo th e rm u s Y P ro te o b a c te r ia pM MO RuM P typ e  I No 62 .5 18 :1 /1 6 :0 th e rm o p h ilic
M e th y lo h a lo b iu s Y P ro te o b a c te r ia pM MO RuM P type  I No 58 .7 18:1 ha lo p h ilic
M e th y lo c y s t is a  P ro te o b a c te r ia pM M O  + / -  
sM M O
S e rin e typ e  II Y e s 62 -6 7 18:1 som e  a c id o p h ilic
M e th y lo s in u s a  P ro te o b a c te r ia pM MO  + 
sM M O
S e rin e typ e  II Y e s 63 -6 7 18:1 no t e x trem e
M e th y lo c e l la a  P ro te o b a c te r ia sM M O S e rin e NA4 yes 60-61 18:1 a c id o p h ilic
M e th y lo c a p s a a  P ro te o b a c te r ia pM MO S e rin e ty p e  III Y e s 63.1 18:1 a c id o p h ilic
M e th y lo fe ru la a  P ro te o b a c te r ia sM M O S e rin e NA4 Y es 56 -58 18:1 a c id o p h ilic
C re n o th r ix Y P ro te o b a c te r ia pM MO type  I n o t e x trem e
C lo n o tr ix Y P ro te o b a c te r ia pM MO type  I n o t e x trem e
M e  th y l lo a c id ip h i l iu m ; V e r ru c o m ic ro b ia pMMO Serin e , R uM P ? typ e N o ? C 18 :0 a c id o p h ilic
A  c id im e th y lo s i le x ; V e r ru c o m ic ro b ia pM MO Se rine , R uM P ? IV?
M e th y lo a c id a V e r ru c o m ic ro b ia pMMO
ICM , in tra c e llu la r  m em b ra ne ; P LFA , p h o sp h o lip id  fa tty  ac id ; ND , n o t d e te rm in e d ; NA, n o t a p p lic a b le  b e ca u se  ICM s  a re  v e ry  lim ite d  in th is  g e nu s
(a dap ted  from  Sm ith  and  M u rre ll, 2009 )
1 .1 .2 ) A c tiv ity  o f  m e th an e  m o no o x yg en as es
The  m e thane  m onoo xvgenases  am  anzymp?; wh ir.h  ra taJyse  th e  f irs t s tep  ip. th e  
m e thane  m e tabo lism  pa thw ay  o f m e th a n o tro p h ic  bac te ria . M e thano tro ph s  ox id ize  
m e thane  v ia  m e thano l to  fo rm a ld eh yde , w h ich  is then  a ss im ila ted  in to  ce llu la r 
b iom ass  (H anson  and H anson , 1996). T he  m e thane  m onoo xygenase  en zym es  
ca ta lyse  th e  f irs t s tep  in th is  reac tion , th e  ox ida tion  o f m e thane  to  m e thano l:
CH 4 + N AD (P )H  + 2H + + 0 2  ►  C H 3OH  + N A D (P )+ + H 20
The  ab ility  o f m e thane  m onoo xygenases  to  con ve rt m e thane  to  m e thano l has  m ade  
them  o f g re a t in te re s t fo r  seve ra l reasons . T he  ab ility  to  p roduce  m e thano l w ith  h igh  
tu rn o ve r a t an  am b ie n t tem pe ra tu re s  a t 1 a tm  us ing  d io xygen  as th e  on ly  o x id a n t 
m akes  it a ttra c tive  to  indus tria l app lica tio n s . T he  C -H  bond  o f m e thane  is ve ry  
un rea c tive  requ iring  >100  kca l m o l'1 to  a b s tra c t th e  f irs t h yd rogen . P re sen tly  th e  
chem ica l s yn th es is  o f m e thano l re qu ire s  h igh  tem pe ra tu re s  and  p re ssu re  as  w e ll as  
e xpen s ive  ca ta lys ts  and m u ltip le  s tages  (G e sse r e t  a l. 1985). T he  a b ility  to  c o n ve rt 
m e thane  gas  in to  an ea s ily  tra n sp o rta b le  fo rm  o f e ne rg y  a lso  m akes  th is  e n zym e  o f 
in te re s t to  indus try . A n o th e r reason  fo r  such  an in te re s t in m e thane  
m onoo xygenase s  and m e thano tro ph s  is th e  v ita l ro le  th a t th e y  p la y  in th e  g lo ba l 
m e thane  cyc le  (R eebu rgh  e t  a l. 1993). In re cen t yea rs  th e  regu la tion  o f g re e n hou se  
ga sses  has becom e  a fo cu s  o f m uch  sc ie n tif ic  re sea rch  and  m e thane  has  been  
show n  to  be 25  tim es  m o re  e ffe c tive  as  a g re enhou se  gas  than  C 0 2. A lth o u g h  C 0 2 
is th e  m os t a b undan t g re enhou se  gas, m e thane  is th e  m os t a b und an t o rg a n ic  ga s  in 
th e  a tm osphe re  and  is a m a jo r fa c to r  in g lo ba l w a rm ing  (IPCC  Fou rth  a s se s sm en t 
repo rt: C lim a te  C hange  2007 : 2 .10 .2 ).
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1 .1 .3 ) C o p p e r  d e p en d e n t regu la tio n  o f  m e th an e  m ono o x yg en as es
Tw o  fo rm s  o f m e thane  m onnn yynenasp  a rp  knnw n  tn  ev ic t; a m em b ra ne  asso c ia ted  
pa rticu la te  m onoo xygenase  (pMMO ) and  a so lu b le  fo rm  (sMMO ). T he  a c tiv ity  o f 
th e se  en zym es  is c op pe r d e pen den t w ith  th e  coppe r-con ta in in g  pM MO  be ing  ac tive  
a t h igh  coppe r-b iom ass  ra tio s  (>2 .5  pm o l g '1 ce ll) and  ac tive  sM M O  on ly  be ing  
exp re ssed  du ring  low  co p p e r to  b iom ass  ra tios  (S tan le y  e t  a l. 1983). It has a lso  been  
show n  th a t regu la tion  o f MMO  exp re ss io n  by  coppe r ions  ta ke s  p la ce  a t th e  a t th e  
tra n sc r ip tio n  leve l w ith  th e  sM M O  ope ron  on ly  be ing  tra n sc rib ed  a t low  coppe r- 
b iom ass  con cen tra tio n s  (N ie lsen  e t  a l. 1996, 1997). In com pa rison  th e  p m o A  g ene  o f 
p a rticu la te  m e thane  m onoo xygenase  has  been  show n  to  be co n s tiu tiv e ly  e xp re ssed  
even  in the  ab sence  o f c o p pe r and  th a t e xp re ss io n  in c re ase s  w ith  in c re a s in g  co p p e r 
con cen tra tio n s  (C ho i e t  a l. 2003 ). T h e  gene s  im po rta n t in th e  tra n sc r ip tio n  o f sM M O  
w e re  iden tified  as m m o R  (e ncod ing  o 54-tra n sc r ip tio n a l re gu la to r: M M OR ), m m oG  
(e ncod ing  a G roE L  like  hom o logue : Mm oG ) and  r p o N  (encod ing  th e  tra n sc r ip tio n  
in itia tio n  fa c to r a 54). Inac tiva tion  o f a n y  o f th e se  gene s  w as  show n  to  ha lt sM M O  
tra n sc r ip tio n  (S ta ffo rd  e t  a l. 2003 .). U s ing  a co n s tru c t con ta in in g  a g reen  f lu o re s ce n t 
p ro te in  repo rte r g ene  fo und  d ow ns tre am  o f the  s ta rt o f m m o X  it w a s  show n  th a t 
d e le tio n s  to  th e  417bp  reg ion  be tw een  m m oG  and m m o X  c on ta in in g  th e  a 54 
p rom o te r reg ion  a lso  abo lished  tra n sc rip tio n  o f th e  sM M O  ope ron . G e l sh ift 
e xp e rim en ts  sugges t th a t bo th  M m oR  and  Mm oG  a re  requ ired  fo r  e ffe c tive  b in d ing  o f 
Mm oR  to  th e  p rom o te r reg ion  (S can lan  e t  a l. 2009 ). A lth ough  the  e xa c t m e chan ism  
is u n c le a r it is p roposed  th a t m m o R  and m m oG  a re  e xp ressed  u n de r low  c o p p e r 
cond itio n s  and th a t M m oR  fa c ilita te s  tra n sc r ip tio n  o f sM M O  s tru c tu ra l g enes  by 
fo rm ing  a com p le x  w ith  a 54. It has a lso  been  sugges ted  th a t in th e  p re sen ce  o f 
coppe r, Mm oR  is inac tiva ted  so  th a t it does  no t b ind a 54 and  so  inh ib its  tra n s c r ip tio n  
o f th e  sMMO  ope ron  (F ig. 1.2). T h e  re qu irem en t o f Mm oG  fo r  e ffe c tive  tra n s c r ip tio n  
o f sMMO  and the  e v id ence  th a t Mm oG  is p robab ly  requ ired  fo r  e ffe c tive  b in d ing  o f 
M m oR  to  the  DNA  a c tiva to r s e q uen ce  sugges t th a t Mm oG  m ay  be  an  M m oR  sp e c ific  
cha pe rone  requ ired  fo r  e xp re ss io n  o f fu n c tio n a lly  a c tive  Mm oR . A lth o u gh  m uch  less 
is know  abou t th e  genes  con tro llin g  e xp re ss io n  o f pMMO , tra n sc r ip tio n  is know n  to  
s ta rt from  a a 70 (transc rip tion  in itia tio n  fa c to r) d e pen dan t p rom o to r in m any
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m e th ano tro ph s  and  th o u g h t to  be fa c ilita te d  by  a co p pe r b ind ing  re gu la to ry  p ro te in  
(G ilb e rt e t  a l. 2000 , S to lya r e t  a l. 2001 , U kaegbu  e t  a l. 2006 )
m m o R  m m o G  m m o X  m m o Y  m m o B  m m o Z  m m o D  m m o C
m m o R  m m o G  m m o X  m m o Y  m m o B  m m o Z  m m o D  m m o C
Fig. 1 .2) P roposed  m echan ism  fo r  th e  re gu la tio n  o f sM M O  e xp re s s io n  by coppe r. U n d e r low  c o p p e r  c o n d it io n s  
(< 0 .89  pm o l/g  ce ll; H anson  and  H anson  1996 ) fu n c tio n a lly  in a c tiv e  m m oR  (ye llow ) is e x p re s se d  and  b in d s  a 54 to  
fo rm  the  fu n c tio n a lly  a c tiv e  M m oR  (g reen ). M m oG  (b lu e ) a s s o c ia te s  w ith  th e  fu n c tio n a lly  a c tiv e  M m oR  and  
a ss is ts  in b in d in g  to  the  a 54 p rom o te r  (P  a 54) and  in itia tin g  tra n s c r ip tio n  o f sM M O  s tru c tu ra l g e n e s  (b la c k ). U n d e r 
h igh  c o p p e r c o n d it io n s  M m oR  c a n n o t a s so c ia te  w ith  a 54 and  so  fu n c tio n a l M m oR  c a n n o t in it ia te  e x p re s s io n  o f 
sM MO
M any m e thano tro ph s  such  as M e th y lo m o n a s  m e th a n ic a  and M e th y lo m ic ro b iu m  
a lb um  BG8 p roduce  on ly  th e  m em b rane  bound  pMMO . O the rs  such  as M e th y lo s in u s  
t r ic h o s p o r iu m  O B3b  and M e th y lo c o c c u s  c a p s u la tu s  B ath p rodu ce  th e  pM MO  and  
sMMO  fo rm s  o f th e  en zym e  (H anson  and H anson  1996). T o  da te  M e th y lo c e l la  and  
M e th y lo fe ru la  a re  th e  on ly  m e thano troph  gene ra  iso la ted  w h ich  p o sse sse s  on ly  th e  
so lub le  m e thane  m onoo xygenase  (D un fie ld  e t  a l. 2003 ; V o ro be v  e t  a l. 2010 ).
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1 .1 .4 ) S tru c tu re  o f  p a rt ic u la te  m e th an e  m ono o x yg en as e
F ig. 1 .3 ) S tru c tu re  o f pM M O  from  M. c a p s u la tu s  (B a th ). T h e  49, 27  and  22  kD a  subun its , e n code d  by  p m o B ,  
A  and  C, a re  co lo u re d  lilac , y e llow  and  g reen , re spec tiv e ly . M e ta l a tom s  in the  p ro te in  a re  show n  a s  sphe re s , 
co p p e r red and  z in c  o ra nge , (a ) (a f3y)3 e n z ym e  com p le x  w ith  the  p re d om in a n tly  a lp h a -h e lic a l p re sum ed  
m em b ra n e -sp a n n in g  reg ion  u ppe rm os t; (b ) v ie w  loo k in g  d ow n  on  (a ) from  above ; (c ) one  a(3y p ro tom e r 
show ing  th e  m o n o n u c le a r  and  d in u c le a r  c o p p e r c e n tre s  a s so c ia te d  w ith  each  a  (Pm oB ) s u b u n it and  the  z in c  
w ith in  th e  m em b ra n e -sp a n n in g  reg ion  (m o n o n u c le a r  c o p p e r in M .t r ic h o s p o r iu m  O B 3b ). (P D B  a c ce ss io n  co de  
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The  c rys ta l s tru c tu re  o f pMMO  fo r  M e th y lo c o c c u s  c a p s u la tu s  (B a th ) has  been  
de te rm ined , show ing  th a t th e  en zym e  is a tr im e r w ith  an  a 3 p3 y3 s tru c tu re . T h e  th re e  
subun its  a re  encoded  by p m o A B C  w ith  m asses  o f 49  kDa, 27  kD a  and 22  kD a 
re spec tive ly  (L e ibe rm an  and  R osenzw e ig , 2005 ; Fig. 1.3). T h re e  se pa ra te  m e ta l 
con ta in in g  s ite s  w e re  a lso  de te c te d  in th is  s tru c tu re . A  d in u c le a r and a m o non u c le a r 
c o p pe r cen tre  w e re  d e te c te d  w ith in  th e  PMO  a -s u b u n it and a th ird  z in c -co n ta in in g  
cen tre  co -o rd in a te d  by  bo th  th e  p and  y subun its . M e ta l ana lys is  by  in d u c tive ly  
coup led  p la sm a  a tom ic  em iss io n  spe c tro sco p y  show ed  on ly  0.2 m o l z in c  pe r 100 
kDa sugges tin g  th a t z in c  is p robab ly  ta ken  up from  the  c rys ta llis a tio n  b u ffe r and  so  
th is  s ite  is m o re  like ly  to  be occup ied  by  co p pe r o r iron in th e  ac tive  en zym e  
(L e ibe rm an  and R osenzw e ig , 2005 ; B a la su bm a ran ia n  e t  a l. 2010 ). T h e  c rys ta l 
s tru c tu re  o f pMMO  from  M e th y lo s in u s  t r ic h o s p o r iu m  O B3B  show ed  on ly  tw o  m e ta l 
co n ta in in g  s ites  (H akem ian  e t  a l. 2008 ). T he  d in u c le a r c o p pe r cen tre  w as  d e te c te d  in 
th e  a -su bu n it h ow eve r no m ononu c le a r cop pe r w as  de te c te d . In th e  m em b ra ne  
spann ing  reg ion , th e  s ite  o ccup ied  by z in c  in pM MO  o f M. c a p s u la tu s  Ba th  w as  
o ccup ied  by a m ononuc le a r c o p pe r s ite  add ing  fu r th e r e v id ence  to  th e  h yp o th e s is
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tha t th is  is a m e ta l lab ile  s ite . O x ida tion  o f m e thane  a t the  m onon u c le a r s ite  is 
con s ide red  lea s t like ly  due  to  th e  a b sence  o f th is  s ite  in OB3b  and  th e  la ck  o f 
con se rva tio n  am ong  PMO  sequen ces  from  o th e r m e thano troph s  (H akem ian  e t  al. 
2007 , 2008 ). A  n um be r o f m ode ls  have  been  p roposed  fo r  tho  o x id a tio n  o f m e thane  
a t th e  o th e r tw o  m e ta l con ta in in g  s ite s . R osenzw e ig  and  co -w o rke rs  have  p roposed  
a m ode l fo r  pMMO  based  on th e  c rys ta l s tru c tu re s  o f M s. t r ic h o s p o r iu m  O B 3B  and M. 
c a p s u la tu s  Bath (L e ibe rm an  and  R osenzw e ig , 2005 ; H akem ian  e t  a l. 2 008 ). In th is  
h ypo th es is  th e  d in u c le a r c op pe r cen tre  is sugges ted  as th e  s ite  o f m e thane  ox id a tio n , 
a lth ough  ox ida tion  o f m e thane  has no t been  ru led  ou t a t the  s ite  con ta in in g  z in c  o r 
coppe r. T he  second  fu n c tio n a l m ode l fo r  pMMO  is p roposed  by C han  and co ­
w o rke rs  and  p ropo ses  th e  e x is te n ce  o f 12 - 15 co p pe r ions  pe r 100 kDa  p ro tom e r 
a rranged  in tr in u c le a r c o p pe r c lu s te rs  based  on e le c tron  p a ram e tr ic  re sonance  (EPR ) 
da ta  and induc tive ly  coup led  p la sm a  m ass  spe c trom e try  (IC P -M S ) ana lys is . T h e se  
tr in u c le a r c lu s te rs  a lth ough  no t seen  in th e  c rys ta l s tru c tu re s , have  been  p roposed  
as  be ing  invo lved  in bo th  o x id a tio n  (C -c lu s te rs ) and  e le c tron  tra n s fe r  (E -c lu s te rs ) 
(N guyen  e t  a l. 1994, 1998; C han  e t  a l. 2004 , 2007 ). T h e  th ird  fu n c tio n a l m ode l fo r  
pM MO  ox id a tio n  has been  p roposed  by bo th  th e  D isp ir ito  g roup  and th e  D a lton  
g roup . In th is  m ode l th e  p resen ce  o f tw o  cop pe r ions  and  tw o  iron ions  pe r 100 kDa  
p ro tom e r has been  p roposed  based  on IC P -M S  m e ta l ana lys is  and  EPR  s tu d ie s  
( Z ahn  and  D isp ir ito  1996; Basu  e t  a l. 2003 ; C ho i e t  a l. 2003 ; K itm o tto  e t  a l. 2005 ; 
M yronova  e t  a l. 2006 ; M a rtinho  e t  a l. 2 007 ) T he  p re sence  o f a d iiro n  s ite  in th e  m e ta l 
cen tre  o ccup ied  by z in c /c o p p e r in th e  c rys ta l s tru c tu re s , th a t is im po rta n t in th e  
ox ida tion  o f m e thane  has led to  the  sugges tio n  th a t pM MO  can be  rega rded  as  a 
hyd ro xy la se  com ponen t o f a la rg e r 's upe rcom p le x '. D a lton  and cow o rke rs  have  
sugges ted  th a t th e  m e thano l d e h yd rogenase  en zym e  ac ts  as a re duc ta se  
com ponen t in th is  s up e rcom p le x  (M yronova  e t  a l. 2006 ). W he re a s  D isp ir ito  and  co ­
w o rke rs  have  sugges ted  th a t m e thane  ox ida tion  by pMMO  is coup led  to  th e  
c y to ch rom e  b c i com p le x  po ss ib ly  v ia  ub iqu ino l. In th is  p roposa l th e  pM MO  en zym e  
is coo rd in a ted  w ith  coppe r bound  b ind ing  p ro te in  m e thanobac tin  (Zahn  and D isp ir ito ,
1996; C ho i e t al 2005 ; M a rtin ho  e t  a l. 2007).
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1 .1 .5 ) S tru c tu re  o f  s o lu b le  m e th an e  m ono o x yg en as e
Fig. 1 .4) S tru c tu re  o f  th e  h yd ro x y la se  c om po n e n t o f sM MO . T he  a , (3 and  y s u bun its , e n co d e d  by  th e  
m m o X , Y  and  Z  genes , a re  c o lo u red  b lue , g re en  and  ye llow , re sp e c tiv e ly . T h e  iron  a tom s  o f  th e  
b in u c le a r iron  ce n tre s  a re  show n  as  o ra n g e  sphe re s . F ig u re  w a s  c o n s tru c te d  u s ing  X -ra y  
c ry s ta llo g ra p h ic  d a ta  (PD P  a cce ss io n  co de  1MMO ).
The  s tru c tu re  o f th e  sMMO  en zym e  and th e  fu n c tio n  o f th e  ac tive  s ite  has  been  
m uch  m o re  e x te n s ive ly  ca te go rized  com pa red  to  th a t o f pMMO . T he  sM M O  e n zym e  
is com p rised  o f th ree  com ponen ts , a 39 kDa  NADH  re duc ta se  c om ponen t e n coded  
by m m o C , a 16 kDa  e ffe c to r p ro te in  com ponen t know n  as p ro te in  B e n code d  by 
m m oB  and a h yd ro xy la se  com ponen t w ith  an a 2 (32 Y2 s tru c tu re  e n coded  by  m m oX ,  
m m o Y  and m m o Z  w ith  m o le cu la r m asses  o f 61 kDa, 45  kDa and 20  kDa  re sp e c tiv e ly  
(C o lb y  and  D a lton , 1978; G reen  e t  a l. 1985; G reen  and  Da lton , 1985 ; C a rd y  e t  a l. 
1991; B uzy  e t  a l, 1998). W ith in  th e  sMMO  ope ron  th e re  a re  a lso  g e ne s  m m oG  and  
m m oR  en cod in g  a G roEL  hom o logue  and a o 54-d e p e n d a n t tra n sc r ip tio n a l re g u la to r 
as  w e ll as a p ro te in  o f unknow n  fun c tio n  encoded  by m m o D  (C sak i e t  a l. 2003 ; 
S can lan  e t  a l. 2009 ; Fig. 1.2). T he  a subun its  o f th e  h yd ro xy la se  com pon en t each
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con ta in  a ( j- (h yd r)o xo b rid g ed  b in u c le a r iron ac tive  s ite  w h ich  is co -o rd in a te d  by  fo u r  
g lu tam a te  and  th re e  h is tid in e  re s idues  w ith in  a fo u r-h e lix  bund le  (W ood land  e t  a l. 
1986; E ricson  e t  a l. 1988; D eW itt e t  a l. 1991). F rom  the  c rys ta l s tru c tu re s  o f th e  
sMMO  h yd ro xy la se  com ponen t from  bo th  M e th y lo c o c c u s  ca n sn la tn .c  Rath and 
M e th y lo s in u s  tr ic h o s p o r iu m  O B3b  have  show n  th a t th e se  subun its  a re  p re d om in a n tly  
a -he lica l in shape  w ith  th e  d iiron  ac tive  s ite  re s id ing  w ith in  a h yd ro p hob ic  ca v ity  
d e s igna ted  ca v ity  1 (R osenzw e ig  e t  a l. 1997, E lango  e t  a l. 1997). A  n um be r o f o th e r 
h yd rop hob ic  po cke ts  have  been  iden tified  and co -c rys ta liza tio n  o f th e  h yd ro xy la se  
c om ponen t w ith  sub s tra te  ana lo g ues  have  im p lica ted  th e se  ca v itie s  in be ing  in vo lved  
in a ccess  o f sub s tra te  to  th e  ac tive  s ite  (S az in sky  e t  a l. 2005 ; Fig. 1.5).
Fig. 1 .5 ) T h e  a -s u b u n it o f sM M O  H yd ro xy la se  d e p ic tin g  th e  h y d ro p h o b ic  cav itie s . T h e  d iiro n  c e n tre  is 
show n  as  o ra n ge  sp h e re s  one  o f w h ich  is v is ib le . C a v it ie s  1-3 (pu rp le , g re y , tu rq u o is e  re sp e c tiv e ly ) , 
h e lice s  A, E, and  F, and  th e  N and  C te rm in i a re  la be lle d  (T a ken  from  S a z in s k y  e t  a l. (2 004 ).
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The  use o f m u ta gen ic  te ch n iq u e s  in s tud y  o f the  re la tio n sh ip  be tw een  the  s tru c tu re  
and the  fu n c tio n  o f e n zym es  and  the  com p le x  chem is try  in vo lved  in th e ir  ca ta ly tic  
cyc le  is v ita l in u nde rs tand ing  how  th e se  en zym es  w o rk . T h is  c h a p te r w ill fo cu s  on 
w ha t is cu rre n tly  know n  abou t th e  ca ta ly tic  cyc le  o f sMMO  and re v iew  m u tagen ic  
s tud ie s  o f sM M O  and re la ted  m em be rs  o f the  so lu b le  d iiron  m onoo xygen a se  
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1 .1 .6 ) T h e  c a ta ly tic  c y c le  o f s o lu b le  m e th an e  m ono o x yg en as e
The  ca ta ly tic  cyc le  o f sM M O  (F ig . 1 .6) has been  w e ll ch a ra c te rize d  us ing  a va r ie ty  o f 
s p e c tro sco p ic  te ch n iq u e s  in c lud ing  UV /V is , M o ssbaue r and  EPR . In its re s ting  s ta te  
the  d iiron  cen tre  is in its d ife rr ic  (F em2) fo rm  w h ich  is reduced  to  th e  d ife rro u s  (F eN2 ) 
fo rm  to  b ind  d io xygen  (W ood land  e t  a l. 1986, Liu e t  a l. 1995). T he  tw o  e le c tro n s  
requ ired  fo r  th is  re duc tio n  a re  p rov ided  by N AD (P )H  v ia  the  FAD  and  Fe2-S 2 s ite s  o f 
the  reduc ta se  w h ich  ac ts  as a tra n s fo rm ase  pass ing  e le c tro n s  s in g ly  to  th e  ac tive  
s ite  (Lund  and  D a lton  1985). The  n o n -co va le n t bond ing  o f d io xygen  to  th e  a c tive  s ite  
is known as com pound  O, th is  is fo llow ed  by com pound  P* w he re  d io xygen  is 
co va le n tly  bound  to  th e  d iiron  s ite  v ia  an u n p ro ton a ted  pe roxo  b r id ge  (L iu  e t  a l. 1995). 
The  d iiron  s ite  o f com pound  P* has been  show n  to  be in a d ife rr ic  (F em2) s ta te  
(B razeau  and  L ip scom b , 2000 ; K opp  and L ippa rd , 2002 ; T in be rg  and  L ippa rd , 2009 ). 
The  p ro tona tio n  o f th e  pe ro xo -b r id ge  fo rm s  com pound  P th a t d e ca ys  s p o n ta n eo u s ly  
c leav in g  th e  0 - 0  bond . T h is  leads  to  the  fo rm a tio n  o f com pound  Q  w h ich  is the  
k in e tica lly  ac tive  fo rm  o f the  d iiron  s ite  th a t reac ts  w ith  m e thane  to  p rodu ce  m e thano l 
and has an F e lv "d iam ond  co re " s tru c tu re . T he  p re sen ce  o f p rodu c t in th e  d iiron  s ite  
has been  show n  w ith  the  ch rom ogen ic  sub s tra te  n itro benzene  and  th e  e n zym e - 
p rodu c t com p le x  has been  te rm ed  com pound  T  (Lee  e t  a l. 1993). T he  e xa c t 
m echan ism  o f C -H  bond  b reak ing  and  sub s tra te  o xyg ena tio n  a re  no t fu lly  
u nde rs tood  bu t th ree  poss ib le  m e chan ism s  have  been  pu t fo rw a rd . E ith e r c le a vage  
o f th e  bond  is h om o ly tic  and p roceeds  v ia  a rad ica l m echan ism ; c le a vage  is 
h e te ro ly tic  w he re b y  the  ca rban ion  is s tab ilized  by b ind ing  to  the  iron a tom s  o r the  
m e thane -F e  and oxygen  spe c ie s  m ay reac t v ia  a con ce rte d  m echan ism  o f bond  
b reakage  and fo rm a tio n .
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Fig. 1 .6) D iag ram  show ing  th e  co n fo rm a tio n  o f the  d iiro n  ce n tre  du rin g  th e  c a ta ly t ic  c y c le  o f  sM MO . 
In te rm ed ia te s  Hox, H red, O, P*, P, Q , Q * and  T  a re  la b le d . (a d ap te d  from : Sm ith  and  D a lton , 2 0 0 4  to  
in c lu de  in te rm ed ia te  Q *)
In th e  a b sence  o f subs tra te , com pound  Q de cays  back  to  th e  res ting  d ife rr ic  (F em2) 
v ia  a n o th e r in te rm ed ia te  te rm ed  com pound  Q * (T inbe rg  and  L ippa rd , 2009 ). 
C om pound  Q * w as  de tec ted  us ing  s topped  flow  op tica l sp e c tro s co p y  in th e  p re se n ce  
o f > 540nM  m e thane  to  supp re ss  th e  d om ina tin g  a b so rb ance  s igna l d ue  to  
com pound  Q and show ed  an ab so rb ance  band  a t 420nm . T he  au tho rs  show ed  th a t 
th e  ra te  o f d e cay  o f Q * w as  no t a ffe c ted  by  th e  p re sen ce  o f m e thane  and  s u g ge s t 
th a t th e  m echan ism  o f Q d e cay  in th e  ab sen ce  o f sub s tra te  a r ise s  from  th e  
acqu is itio n  o f tw o  p ro tons  and tw o  e le c tron s  e ith e r tw o  s tepw ise  e le c tron  tra n s fe r 
e ven t from  p rox im a l am ino  ac id s  o r by  re ce iv ing  e le c tro n s  from  a d iiro n  (F eN2) cen tre  
p resen t in th e  ne ighbou ring  hyd roxy la se  p ro tom e r. F rom  ana lys is  o f th e  op tica l 
spec tra  the  au tho rs  sugges t th a t Q * m ay  be  an F em/F e lv cen tre  and  a p ro te in  based  
rad ica l o r a com b ina tio n  o f an FeM/F em and an F em/F e lv spec ies .
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1 .1 .7 ) T h e  s u b s tra te  rang e  o f  s o lu b le  m e th an e  m ono o x yg en a s e
As well as oxidizing m ethane , sM MO  has been  shown to co-oxidize  a  range o f 
adventitious substrates; however the resultant oxidation products a re  unab le to 
provide a  nutrient source for the m ethanotroph ic bacteria (Co lby et al. 1977; Burrows  
etal. 1984; G reen  and Dalton, 1989 ). As well as  aliphatic hydrocarbons such as  
alkanes and a lkenes, sMMO  has also been shown to co-oxidize a w ide range o f 
monoaromatic , d iaromatic and halogenated  compounds leading to much in terest in 
the  use o f soluble m ethane m onooxygenase for biocatalysis and b ioremediation  
applications. In the majority o f reactions be tween  sM MO  and multi-carbon substrates, 
where a  number o f sites can be oxidised, a m ixture o f products is observed. M any  
halogenated  compounds such as trichloroethylene and chloroform  a re  considered  to 
be m ajor groundwater pollutants. These  halogenated  compounds do not seem  to act 
as carbon and energy  sources for bacteria and persist as pollutants for m any years  
(Hanson and Hanson, 1996 ). Research  has been  carried out by a number o f g roups  
into the oxidation o f trichloroethylene by soluble m ethane m onooxygenase and the  
use o f methanotrophs within consortia o f bacteria ab le  to m etabo lize  the oxidation  
products o f trichloroethylene have been shown to complete ly  degrade  
trich loroethylene (Little etal. 1988; Tsien  etal. 1989; Fox etal. 1990 ; Jahng etal. 
1996; Lee et al. 2006 ; H azen  et al. 2 0 0 9 ) To  investigate the affect o f specific am ino  
acid changes on the substrate range and product distribution of sM M O  has been  one  
of the principal areas o f research pursued.
33
1 .1 .8 ) S ite  d ire c ted  m u tag en es is  o f  s o lu b le  m e th an e  m o n o o x yg en as e
To  da te  few  s ite  d ire c ted  m u tagene s is  s tud ie s  have  been  ca rried  ou t on  sM M O  due  
to  the  la ck  o f an ad equa te  e xp re ss io n  sys tem . T he  inab ility  to  p rodu ce  fu n c tio n a l 
en zym e  w ith in  E s c h e r ic h ia  c o l i led to  th e  d e ve lo pm en t o f a hom o lo gou s  e xp re ss io n  
sys tem  w ith in  an sM M O  nega tive  hos t and a llow ed  th e  f irs t s ite  d ire c ted  
m u tagenes is  s tud ie s  o f sMMO  (Sm ith  e t  a l. 2002 ). Tw o  re s idues  C151 and  T213  
w e re  chosen  as cand id a te s  fo r  s ite  d ire c ted  m u tagene s is  due  to  th e  c lo se  p ro x im ity  
o f th e se  p ro tona ted  s ide  cha in s  to  th e  ac tive  site . T h e  C151 pos ition  w ith in  th e  ac tive  
s ite  o f sM M O  is a lso  a n a lo g ous  to  th e  Y 122  pos ition  w ith in  th e  R2 s u b un it o f 
r ib o nu c le o tid e  reduc tase , w he re  th e  ge ne ra tio n  o f a ty ro sy l rad ica l by  a d iiro n  s ite  is 
e ssen tia l fo r  in itia tin g  th e  rib o nu c le o tid e  re duc ta se  ca ta ly tic  cyc le . T h e  C 151E  m u tan t 
show ed  s lig h t a c tiv ity  tow a rd s  th e  d ia rom a tic  su b s tra te  naph th a le n e  s tro n g ly  
sugges tin g  th a t C151 w as  no t in vo lved  in rad ica l ch em is try  (T ab le  1.3). T h e  a c tiv ity  
o f T 2 1 3A  and T 213S  tow a rd s  naph tha le n e  show ed  th a t th is  re s id ue  w as  a lso  no t 
e ssen tia l fo r  ca ta ly tic  a c tiv ity  o f sMMO . T he  in s ta b ility  o f so lu b le  ce ll e x tra c t 
p re pa ra tio n s  o f th e  T 213A  m u tan t and th e  s ta b ility  and  a c tiv ity  o f T 2 13S  m u tan t led 
to  th e  sugges tio n  o f th e  im po rta n ce  o f an OH  g roup  a t th is  pos ition  fo r  s ta b ility  o f th e  
enzym e . H ow eve r th e  a c tiv ity  o f th e  T 213S  m u tan t w ith in  so lu b le  ce ll e x tra c t 
p repa ra tio n  led to  the  firs t pu rifica tio n  o f a s tab le  s ite  d ire c ted  m u tan t o f sM M O  
(T ab le  1.4).
a c tiv ity  w ith  
n a ph th a le n e
in h ib it io n  by 
a c e ty le n e
w ild  type Y es Y es
C 151E Y es Y es
C 151Y No N /A
T 2 1 3A d im in ished Y es
T 213S Y es Y es
A c tiv ity  (nm o l m in '1 m g 'i;
M e th a neA P ro p e n e b T o lu e n e b
W ild  typ e 235  ± 22 244  ± 7 7 .8  ± 0 .8 3
T 213S 169  ± 2 7 43  ± 3 5 .6  ± 0 .4 9
T a b le  1.3: P ro p e rtie s  o f sM M O  s ite  d ire c te d  m u ta n ts  T a b le  1.4: A c tiv ity  o f T 2 1 3S  m u ta n t to w a rd s  
N/A = not applicable m e thane , p ro pane  and  to lu ene .
A D e riv e d  from  o x yg e n  u p ta k e  m e a s u rem e n ts  
B D e r iv e d  from  GC  d e te c t io n  o f  o x id a tio n  p ro d u c ts
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The  so lu b le  m e thane  m onoo xygenase  e n zym e  is pa rt o f th e  so lu b le  d iiron  
m onoo xygenase  (SD IM O ) fam ily  o f e n zym es  (L eah y  e t  a l. 2003 ). T h e se  e n zym es  
in c lud ing  bu tane  m onoo xygenase  (BMO ), to lu e n e -4 -m onoo xyg ena se  (T 4MO ), 
to lu ene  - o r th o -m onooxygenase  (TOM ) to lu e ne  /  o -xy le ne  m onoo xygen ase  (T oMO ) 
and  d e o xyh ypus in e  h yd ro xy la se  (DOHH ) a re  hom o lo gou s  to  sMMO  and a ll have  a 
d iiron  s ite  w ith  conse rved  H is -G lu  lig ands  (T ab le  1.2). T he  p re sen ce  o f s im ila r  iron 
b in d ing  m o tifs  a re  a lso  fo und  in o th e r d iiro n  con ta in in g  e n zym es  such  as acy l c a rr ie r 
p ro te in  (ACP ) d e sa tu ra se s  (S hank lin  and  S om e rv ille  1991) and th e  R2 s u b u n it o f 
C lass  la r ib o nu c le o tid e  reduc ta se  from  E . c o l i (C a rle son  e t  a l. 1984). B e low  a re  
de sc rib ed  a n um be r o f th e se  SD IM O s  and  en zym es  s tru c tu ra lly  re la ted  to  so lu b le  
m e thane  m onoo xygen ase  a long  w ith  e xam p le s  o f how  c rea tion  and  e xp re ss io n  o f 
m u tan ts  has led to  m a jo r b re a k th ro u ghs  and  in s igh ts  in to  th e  w o rk in g s  o f th e se  
com p le x  p ro te in s .
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1.2 B u tane  M onooxyg en ase
1 .2 .1 ) S tru c tu re  o f  b u tan e  m ono o x yg en as e
The  bu tane  m onoo xygenase  o f T h a u e ra  b u ta n iv o ra n s  ( fo rm e rly  P s e u d o m o n a s  
b u ta n o v o ra )  is one  o f th e  m os t c lo se ly  re la ted  en zym es  to  so lu b le  m e thane  
m onoo xygenase  o f M s. t r ic h o s p o r iu m  O B3b . T h is  en zym e  ca ta ly se s  th e  con ve rs io n  
o f bu tane  to  1-b u tano l and  is th e  f irs t s tep  in the  bu tane  m e tabo lic  p a thw ay  o f 
T .b u ta n iv o ra n s .  T he  bu tane  m onoo xygenase  en zym e  is m ade  up o f a 45  kDa  
o x id o re du c ta se  com ponen t en coded  by bm oC \  a 22  kDa  re gu la to ry  p ro te in  encoded  
by  bm o B  and  a h yd ro xy la se  c om ponen t (BMOH ) m ade  up o f th re e  su bun its  o f 54, 43  
and  25  kD a  encoded  by bm o X Y Z .  T he  h yd ro xy la se  com ponen t o f BMO  has  an 
a 2p2Y2 q u a te rn a ry  s tru c tu re  and  like sM M O  the  non hem e  d iiron  a c tive  s ite  is lo ca ted  
in th e  a  sub un it en coded  by  b m o X  (S lu is  e t  a l. 2002 ; T a b le  1). A n a ly s is  o f th e  
se quen ce  o f Bm oX  show s  63%  sequen ce  id en tity  a t th e  am ino  ac id  leve l to  th e  a - 
s ub un it o f sMMO . C om pa riso n  to  the  c rys ta l s tru c tu re  o f Mm oH  sugges te d  th e  
p resen ce  o f a 19 re s idue  h yd rophob ic  p o cke t a d ja cen t to  th e  a c tive  s ite  o f BMO  
w h ich  m ay  be in vo lved  in sub s tra te  b ind ing . Fou rteen  o f th e se  p u ta tive  su b s tra te - 
b ind ing  re s idues  w e re  fo und  to  be  conse rved  be tw een  BMO  and sM MO  (F ig . 1 .7 ,Fig.
1.8). T he  iron -b ind ing  re s idue  o f sMMO  a re  pe rfe c tly  con se rved  sugges tin g  a ve ry  
s im ila r d iiro n  cen tre  in bo th  enzym es .
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Fig 1.7) sM M O  H yd ro x y la se  a -s u b u n it s h ow in g  re s id u e s  co rre sp o n d in g  to  th o se  ch o sen  fo r  m u ta tio n  in 
BMO  by H a lse y  e t a l .  (2 0 06 ) T h e  d iiro n  ce n tre  is sh ow n  as  o ra n g e  sphe re s , re s id u e s  a re  c o lo u re d  as  
fo llow s : N 116  (R ED ), C151  (g reen ), L279  (ye llow ), K 323  (M age n ta ) and  Y 324 (c ya n ). P ic tu re  is com p ile d  
from  x -ra y  c ry s ta llo g ra p h y  da ta  o f sM M O  h yd ro x y la se  (1M TY )
F ig 1 .8 ) BM OH  a -s u b u n it w ith  s how ing  re s id ue s  ch o sen  fo r  m u ta tio n  by  H a lse y  e t  a l. (2 0 06 ) R e s id u e s  a re  
c o lo u re d  as  fo llow s  G 113  (R ED ), T 1 48  (g reen ), L279  (ye llow ), Q 320  (M agen ta ) and  F 3 2 1 (c ya n ). P ic tu re  is 
c om p ile d  from  s tru c tu ra l da ta  and  based  upon  x -ra y  c ry s ta l s tru c tu re  o f  sM M OH  a  ch a in  (1M TY )
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1.2 .2 ) S ite  d ire c ted  m u tag en es is  o f  b u tan e  m onoo x yg en as e  ac tiv e  s ite  
re s id u es  to  th e  sM M O  co u n te rp a rts
The  BMO  en zym e  has been  show n  to  co -o x id ize  a num be r o f a lka nes  and a lkenes , 
a lth ough  its sub s tra te  p ro file  is m uch  na rrow e r than  th a t o f sMMO  and  it has  ve ry  low  
ac tiv ity  tow a rd s  m e thane . A  num be r o f s ite  d ire c ted  m u tagenes is  s tud ie s  have  been  
ca rried  ou t on the  BMOH  a subu in t by m u ta ting  spe c ific  am ino  a c id s  to  the  
co un te rp a rt re s id ues  w ith in  the  h yd roxy la se  a -su b u n it o f sMMO  in o rd e r to  p robe  th e  
d iffe re n ce s  in th e se  tw o  enzym es . T h ree  d is tin c t reg ions  have  been  th e  fo cu s  o f s ite  
d ire c ted  m u tagenes is  s tud ie s  to  s tud y  how  the  d iffe re n ce s  be tw een  th e se  tw o  
en zym es  m ay  g ive  rise  to  th e  d iffe re n ce s  in th e ir  ca ta ly tic  ac tiv ity . T h e se  m u ta tio n s  
have  been  m ade  in th e  h yd rophob ic  reg ion  ad ja cen t to  th e  ac tive  site , a nea rb y  
hyd rophob ic  cav ity  te rm ed  cav ity  2 and th e  pu ta tive  b ind ing  s ite  fo r  th e  re gu la to ry  
BMOB  p ro te in  (H a lse y  e t  a l. 2006 ). B e low  a re  de sc rib ed  a n um be r o f s tu d ie s  ca rried  
ou t w ith  th e se  BMO  m u tan ts  a g a in s t som e  sho rt cha in  a lka ne  sub s tra te s , a n a lys is  o f 
in a c tiva tion  o f som e  o f th e se  m u tan ts  by p rop io na te  and  ana lys is  o f th e  d e g ra da tio n  
o f a num be r o f ch lo roe th y lenes .
1 .2 .3 ) A c tiv ity  o f  b u tan e  m ono o x yg en as e  s ite  d ire c ted  m u tan ts  a g a in s t  sm a ll 
cha in  a lk an es
Five BMO  m u tan ts  w e re  c rea ted : G 113N , T 148C  nea r th e  ac tive  s ite , L279F  in 
h yd rop hob ic  cav ity  2 and  Q 320K  and F321Y  a t th e  BMOB  b ind ing  s ite  (F ig. 1.7, Fig.
1.8). It w as  fo und  th a t all o f th e se  m u tan ts  had a re duced  spe c ific  a c tiv ity  tow a rd s  
bu tane . A ll m u tan t en zym es  cou ld  suppo rt g row th  on bu tane , p ropane  and e thane , 
w ith  th e  excep tio n  o f th e  G 113N  m u tan t e n zym e  w h ich  cou ld  no t sup po rt g row th  on 
p ropane  (T ab le  1.5). T he  G 113N  exp re ss in g  ce lls  had s ig n if ic a n tly  lo n ge r g e n e ra tio n  
tim es  o f 9.1 h fo r  g row th  on bu tane  com pa red  to  3.6 h fo r  th e  w ild  ty p e  bu tane  
m onoo xygenase  and 13.1 h fo r  g row th  on e th ane  com pa red  to  4 .5h  fo r  th e  w ild  type . 
S tud ie s  on the  p rodu c t d is tr ib u tio n  o f th e se  m u tan ts  iden tifie d  th e  G 113N  and  L279F  
m u tan ts  as show ing  la rge  changes  in re g io sp e c ific ity  com pa red  to  th e  w ild  ty p e
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enzym e . The  L279F  and G 113N  m u tan ts  show ed  a 5 .5 -fo ld  and 2 7 8 -fo ld  in c re ase  in 
th e  p rodu c tio n  o f 2 -b u ta no l re spec tive ly  (T ab le  1.6). W ild  typ e  bu tane  
m onoo xygenase  o x id ize s  a lka nes  a lm o s t e xc lu s iv e ly  a t th e  te rm in a l ca rbon  and  the  
re la xa tio n  o f re g io sp e c ific ity  se em s  to  show  a p h eno type  c lo se r to  m e th ane  
m onoo xygenase  fo r  th e se  m u tan ts . T he  G 113N  m u tan t a lso  ox id ized  p ropane  
e xc lu s ive ly  a t th e  sub  te rm ina l ca rbon  to  y ie ld  2 -p ro pano l w h ich  is fu r th e r o x id ized  to  
a ce tone  as a dead  end  p rodu c t w h ich  can no t be  u tilized  by  th e  o rgan ism  fo r  g row th  
and so  a ccum u la te s  in th e  ce ll. A n o th e r M M O -like  p h eno type  fo r  th e  G 1 13N  m u tan t 
w as  th e  reduced  m e thano l inh ib ition  du ring  m e thane  ox id a tio n  a ssa ys  com pa red  to  
th e  w ild -typ e  en zym e  and  the  o th e r m u tan ts . F u rth e r k in e tic  ana lys is  us ing  pu rifie d  
p ro te in  show ed  th a t w h ile  the  w ild  type  en zym e  had s im ila r Km va lu e s  o f 1100  pM  fo r  
m e thane  and 1250  pM  fo r  m e thano l, the  G 113N  m u tan t had a m uch  low e r Km va lu e  
o f 340 pM  fo r  m e thane  com pa red  to  750  pM  m e thano l (C oo le y  e t  a l. 2 009 ) . T h is  
ind ica te s  th a t m e thano l is a less e ffe c tive  com pe titiv e  sub s tra te  fo r  th e  G 113N  
m u tan t com pa red  to  th e  w ild  type , w h ich  e xp la in s  th e  ob se rva tio n  th a t m e thane  
ox ida tion  cou ld  con tin ue  fo r  a lo n ge r pe riod  o f tim e  w ith  G 113N  un til th e  m e thano l 
con cen tra tio n  reached  a h igh enough  leve l to  in h ib it th e  enzym e .
bu tane  (h) p ropane  (h) e th ane  (h)
W T 3.6  ± 0 .2 4 .0  ± 0 .4 4 .5  ± 0 .3
T148C 4 .4  ± 0 .3 4 .2  ± 0 .4 7 .0  ± 0 .1
Q 320K 4.1 ± 0 .3 3 .9  ±0 .1 5 .9  ± 0 .1
F321Y 3 .4  ± 0 .3 3 .4  ± 0 .2 3 .8  ± 0 .1
L279F 5 .7  ±0 .1 4 .5  ± 0 .1 7 .9  ± 0 .6
G 113N 9.1 ± 0 .4 NA 13.1 ± 0 .5
T ab le  1.5: G e n e ra tio n  tim e s  o f bu ta ne  m o n o o xyg e n a se  m u ta n ts  g row n  on  s h o rt cha in  a lk a n e s  
T a ken  from  H a lse y  e t  a l. 2006 .
1-b u tano l a ccum u la tion  
(nm o l m in "1 mg p ro te in '1)
2 -b u ta no l a ccum u la tio n  
(nm o l m in '1 mg p ro te in '1)
R a tio  o f 2 -b u ta n o l 
to  1-b u ta n o l
W T 74 .0  ± 3 .9 2 .7  ±0 .9 1 0 .04
T148C 41 .3  ± 4 .0 6 .14  ± 0 .8 9 0 .15
Q 320K 50 .4  ± 7 .8 10.3 ± 0 .5 3 0.2
F321Y 102.4 ± 5 .7 ND NA
L279F 47 .0  ±7 .1 10 .45  ± 4 .2 0 .22
G113N 1.77 ± 0 .0 6 19 .67  ± 2 .4 11.1
Tab le  1.6: O x id a tio n  o f b u ta ne  by BMO  m u tan ts : p ro d u c t fo rm a tio n  ra te s  and  p ro d u c t d is tr ib u tio n  
T a ken  from  H a lsey  e t  a l. 2006 .
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1 .2 .4 ) E ffe c t o f  m u ta tio n s  on  in ac tiv a tio n  o f b u tan e  m o n o o x yg en as e  by  
p ro p io n a te
The  m echan ism  o f ac tion  o f p rop iona te , a n o th e r BMO  inh ib ito r, w as  s tud ied  us ing  
th e se  m u tan ts . It w as  show n  th a t bo th  re ve rs ib le  inh ib itio n  and in a c tiva tio n  o f BMO  
occu rred  w ith  p rop io na te  be cause  som e  bu t no t all a c tiv ity  cou ld  be  re cove red  by 
w ash in g  o f the  ce lls  to  rem ove  th e  p rop io na te  (D ough ty  e t  a l. 2007 ). A lth o u gh  
re ve rs ib le  inh ib itio n  w as  seen  w ith  all m u tan ts  te s ted , on ly  th o se  m u tan ts  c lo se  to  th e  
ac tive  s ite  had any  e ffe c t on the  irre ve rs ib le  in a c tiva tio n  o f BMO  by p rop io na te . T he  
G 113N  m u tan t show ed  no  ina c tiva tion  by p ro p io na te  tre a tm en t and  th e  T 148C  
m u tan t show ed  an in c reased  in p rop io na te  d e pen dan t in a c tiva tio n  o f BMO . B ecau se  
th e  re ve rs ib le  inh ib itio n  by  p ro p io na te  rem a ined  una ffe c ted  in th e  G 113N  m u tan t, ye t 
th e re  w as  no irre ve rs ib le  ina c tiva tion , th is  led th e  a u th o rs  to  con c lude  th a t re ve rs ib le  
inh ib ition  and irre ve rs ib le  in a c tiva tio n  o f BMO  occu red  th rough  sepa ra te  m echan ism s . 
T he  au tho rs  p roposed  th a t irre ve rs ib le  ina c tiva tion  o f th e  BMO  en zym e  by 
p rop io na te  m ay  be  v ia  coo rd in a tio n  o f a lip h a tic  ta il o f p rop io na te  to  Fe ions  a t th e  
ac tive  s ite , re su lting  in th e  uncoup ling  o f 0 2 a c tiva tion  from  sub s tra te  o x id a tio n  and 
lead ing  to  th e  fo rm a tio n  o f H2O 2 , w h ich  dam ages  th e  enzym e . In te re s ting ly , sM M O  is 
no t in a c tiva ted  by  p rop io na te  and  so  th is  is a n o th e r M M O -like  p heno type  d is p la yed  
by th e  G 113N  m u tan t (D ough ty  e t  a l. 2007 ).
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1 .2 .5 ) C h lo ro e th y le n e  d e g rad a tio n  by b u tan e  m o n o o x yg en as e  s ite  d ire c ted  
m u tan ts
The  o x ida tion  o f a n um be r o f c h lo ro e th y le n e s  by  G 113N , L279F  and F 321Y  m u tan ts  
o f BMO  w as  s tud ied , and  th e  ra te  o f o x id a tion  and  am oun ts  o f c h lo rin e  re le ased  
du ring  th e  com p le te  d e g rada tio n  o f 1 ,1 -d ich lo ro e th y le ne , 1 ,2 -c /s -d ich lo ro e th y le ne  
and tr ic h lo ro e th y le n e  w as  com pa red  to  th e  w ild  type  en zym e  (H a lse y  e t  a l. 2007 ). 
T he  w ild  type  BMO  enzym e  w as  show n  to  re le ase  a lm o s t 100 % ch lo rin e  from  each  
sub s tra te  tes ted . T he  G 113N  m u tan t show ed  reduced  ox ida tion  ra tes  and  reduced  
am oun ts  o f ch lo rin e  re le ased  fo r  a ll su b s tra te s  com pa red  to  th e  w ild  typ e  enzym e . 
The  L279F  m u tan t show ed  reduced  ra tes  fo r  tr ic h lo ro e th y le n e  d e g ra da tio n  w ith  
a lm o s t 100 %  ch lo rin e  re le ase  and  on ly  40  % o f th e  ch lo rin e  re le ased  from  1 ,2 -c /s - 
d ich lo ro e th y le n e  bu t a t a ra te  com pa rab le  to  th e  w ild  typ e  enzym e . T h e  F 321Y  
m u tan t show ed  com pa rab le  ra tes  o f d e g rada tio n  to  th e  w ild  type  fo r  a ll th re e  
subs tra te s , h ow eve r on ly  40  %  o f th e  ch lo rin e  w as  re le ased  from  1 ,2 -c /s -D CE  and  
TCE . Th is  show s  th a t in bo th  th e  L279F  and  F321Y  m u tan ts  a p ro po rtio n  o f the  
ch lo rin e  from  th e se  sub s tra te s  is no t con ve rte d  to  fre e  ch lo ride . It w a s  a lso  show n  
th a t th e  G 113N  m u tan t w as  th e  on ly  iso fo rm  unab le  to  deg ra de  th e  p ro d u c t 1 ,2 -c /s - 
DCE  epox ide . By m on ito r in g  la c ta te  d e pen den t 0 2 up take  o f th e se  ce lls  d u rin g  th e  
deg rada tio n  o f ch lo ro e th y le n e  sub s tra te s  it w as  show n  th a t th e  tu rn o ve r o f th e se  
sub s tra te s  had to x ic  e ffe c ts  upon  th e  ce ll w ith  la c ta te  d e pen den t re sp ira tio n  d ro pp in g  
to  <10%  fo r th e  w ild  typ e  e n zym e  and  m os t o f th e  s ite  d ire c ted  m u tan ts . H ow eve r,
G 1 13N w as  the  on ly  m u ta n t th a t m a in ta in ed  >75  % o f ce llu la r re sp ira tio n  du ring  
ox ida tion  o f th e  ch lo roe th y lenes . T h is  led to  th e  sugges tio n  th a t by  a lte r in g  th e  
re g io se le c tiv ity  o f th e  en zym e  the  G 113N  m u tan t w as  ab le  to  u tilize  a c h lo ro e th y le n e  
ox id a tive  pa thw ay  se pa ra te  from  the  p a thw ay  used  by th e  w ild  typ e  en zym e . It w a s  
p roposed  th a t th is  p a thw ay  cou ld  be u tilized  fo r  m o re  su s ta in ab le  b io rem ed ia tio n  o f 
CEs from  the  e n v iro nm en t (H a lse y  e t  a l. 2007 ). B y u tiliz ing  a p a thw ay  w h ich  fo rm s  
ox ida tion  p roduc ts  w ith  re duced  to x ic ity  tow a rd s  bac te ria l ce lls , th e se  p ro d u c ts  cou ld  
then  be fu r th e r d e g raded  by o th e r ba c te ria  m o re  e ffe c tive ly .
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1.3  T o lu en e -4 -m oonoo xyg en ase
1 .3 .1 ) S tru c tu re  o f  to lu e n e -4 -m o n o o x yg e n a s e
A  num be r o f to lu e ne  m onoo xygenase s  re la ted  to  sMMO  th a t o x id ize  th e ir  na tu ra l 
s ub s tra te  to lu ene  a t sp e c ific  po s itio n s  have  been  iden tified  and s tud ied  e x te n s ive ly  
us ing  a va r ie ty  o f m u tagene s is  te chn iques . T he  to lu ene  4 -m on oo xyg e n a se  (T 4MO ) 
from  P s e u d o m o n a s  m e n d o c in a  KR1 is a fo u r  c om pon en t m onoo xygen a se  cons is ting  
o f a 33  kDa o x id o re du c ta se  com ponen t (e ncoded  by tm o F ),  a 12 .5  kD a  R ie ske -type  
fe rre d o x in  com ponen t (e ncoded  by tm oC ),  an  11 .6 kDa  re gu la to ry  p ro te in  (encoded  
by tm o D )  and  a d iiron  h yd ro xy la se  (e ncoded  by tm o A E B )  c om ponen t w ith  an a 2P2Y2 
qua te rn a ry  s tru c tu re  (Y en  e t  a l. 1991; Y en  and  Karl, 1992). T he  coo rd in a tio n  and 
lo ca tion  o f th e  ac tive  s ite  is s im ila r to  th a t o f sMMO ; th e  d iiron  a c tive  s ite  is fo und  
w ith in  th e  T 4M OH  a -s u bu n it (encoded  by tm o A )  and x -ra y  c ry s ta llo g ra p h y  has 
show n  th a t th is  is coo rd in a ted  by  fo u r g lu tam a te  re s idues  (G 104 , G 134 , G 197 , G 231 ) 
and  tw o  h is tid in e  ligands  (H 137 , H 234) w ith in  a fo u r  he lix  b und le  (B a ile y  e t  a l. 2008 ).
1 .3 .2 ) S ite  d ire c ted  m u ta tio n  o f  to lu e n e -4 -m o n o o x yg e n a s e  ac tiv e  s ite  re s id u es  
to  sM M O  co u n te rp a rts
The  T 4M O  enzym e  show s h igh  d e g re e s  o f re g io se le c tiv ity  ca ta lys in g  th e  p a ra - 
h yd ro xy la tio n  o f to lu ene  to  p roduce  th e  ox id a tio n  p rodu c t p -c re so l. A  n um be r o f 
m u tagene s is  s tud ie s  have  been  used to  p robe  the  m echan ism  o f a c tio n  fo r  th is  
e n zym e  as w e ll as to  try  and  unde rs tand  w ha t ro le  p a rtic u la r re s id ues  p la y  in 
con tro llin g  th e  reg io spec ific ity . A  n um be r o f m u tan ts  w e re  c rea ted  to  s tu d y  the  
d iffe re n ce  be tw een  T 4M O  and sMMO  (P ikus  e t  a l. 1997). T h re e  m u tan ts  w ith  
re s idue  changes  to  th e ir  h om o lo gou s  coun te rp a rts  w ith in  sM M O  w e re  c rea ted :
Q 141C  (C151 in sMMO ), I180F  (F192  in sM M O ) and  F205I (1217 in sMMO ). T h e se  
m u tan ts  w e re  assayed  fo r  a c tiv ity  w ith  th e  sub s tra te s  to lu ene , m -x y le n e  and  p -x y le n e  
(T ab le  1.7, T ab le  1.8). T he  g re a te s t ch ange  in re g io se le c tiv ity  in com pa r iso n  to  th e  
w ild  typ e  en zym e  w as  seen  w ith  the  Q 141C  and  F205 I m u tan ts . T he  I180F  m u tan t
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show ed  ve ry  litt le  change  in re g io se le c tiv ity  w ith  any  o f th e  sub s tra te s  h ow eve r bo th  
th e  Q 141C  and  F205I m u tan ts  show ed  a sh ift aw ay  from  the  p a r a -h yd ro xy la tio n  
w hen  to lu e ne  w as  the  subs tra te . T h e re  w as  a s lig h t sh ift tow a rd s  s id e  cha in  
h yd ro xy la tio n  w ith  m -xy le ne  as  the  sub s tra te  and  a m a jo r sh ift tow a rd s  s id e  cha in  
h yd ro xy la tio n  w hen  p -x y le n e  w as  th e  o x ida tion  p roduc t. T he  d e te c tio n  o f a c tiv ity  w ith  
th e  Q 141C  and Q 141V  m u tan ts  led th e  au tho rs  to  con c lu de  th a t g lu tam in e  w as  no t 
an e ssen tia l am in o  ac id  a t th is  pos ition . T h e  la rge  change  in re g io se le c tiv ity  w ith  th e  
Q141 and  F205  m u tan ts  com pa red  to  th e  re la tive ly  sm a ll ch ange  in re g io se le c tiv ity  
o f the  I180F  m u tan t s ug ges t a po ss ib le  sub s tra te  b ind ing  s ite  w ith in  th is  en zym e . By 
us ing  se quen ce  a lig nm en ts  and  com pa rison  to  th e  c rys ta l s tru c tu re  o f MMO  
(R osenzw e ig  e t  a l. 1995; E lango  e ta l .  1997) th e  au tho rs  sugges t th a t th e  Q141 and  
F208  re s idues  a re  on one  s ide  o f th e  h yd ro phob ic  ca v ity  c lo se  to  th e  iron  a tom  FeA 
w he re a s  th e  1180 pos ition  is on  th e  oppos ite  s ide  o f th e  ca v ity  c lo se r to  F eB atom . 
T h is  has s ince  been  con firm ed  by de te rm ina tio n  o f th e  c rys ta l s tru c tu re  o f th e  T 4M O  
hyd ro xy la se  (B a ile y  e t  a l. 2008 ). T h e se  re su lts  im p lica te  th is  reg ion  o f th e  
h yd rophob ic  cav ity  a d ja ce n t to  th e  ac tive  s ite  o f T 4M O  in o r ie n ta tin g  sub s tra te  in a 
m anne r w h ich  fa vo u rs  p a ra -hyd roxy la tion .
T o luene  ox ida tion
E nzym e
p -c re so l (% )
OH
a ,
m -c re so l (% )
OH
6 “’ 
o -c re so l (% )
(X 0H
Benzy l a lco ho l (% )
W T 96 2 .8 0 .4 0.8
Q 141C 85 5 4 6
F205 I 81 14.5 3 .5 1
I180F 96 .7 1.2 0.2 1.9
T ab le  1.7: P ro d u c t d is tr ib u tio n  from  the  o x id a tio n  o f  to lu e n e  by T 4M O  s ite  d ire c te d  m u ta n ts  
(P iku s  e t  a l. 1997 ).
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d im e th y lp heno l
W T 0.3 97 .4 2 .2 82 18
Q 141C 0.1 88 .3 11.7 22 78
F205 I 0.1 44 .4 11.6 42 58
I180F 0.6 90 .6 8.8 89 11
T a b le  1.8: P ro d u c t d is tr ib u tio n  from  th e  o x id a tio n  o f  m -c re so l and  p -x y le n e  by  T 4M O  s ite  d ire c te d  m u ta n ts  
(P iku s  e t  a l. 1997).
1 .3 .3 ) R eg io s e le c tiv ity  o f to lu e n e -4 -m o n o o x yg e n a s e  s ite  d ire c ted  m u tan ts  
a t p o s itio n s  T201 and  G 103
Fox and  co -w o rke rs  a lso  adop ted  a sa tu ra tio n  m u tagene s is  a p p roach  w he re  all 
po ss ib le  am ino  ac id  m u ta tio n s  w e re  m ade  a t pos ition  T201 , to  p robe  w h e th e r o r no t 
th is  re s idue  w as  essen tia l fo r  ca ta lys is  (P ikus  e t  a l. 2000 ). C om pa riso n s  o f all 
ba c te ria l d iiron  m onoo xygenase s  show  tha t th e y  have  a th re o n in e  a t a pos ition  
eq u iva le n t to  T201 in T 4M O  (T213  in sM M O ) th a t p o ss ib ly  a c ts  as  a p ro ton  d o no r 
du ring  0 2 ac tiva tion  by the  enzym e . H ow eve r by c rea ting  5 m u tan ts  a t th is  s ite , a ll o f 
w h ich  had s im ila r kcat and  km va lues , it w as  conc luded  th a t th is  s ite  w as  no t e sse n tia l 
fo r  ca ta lys is . T hese  re su lts  d id , how eve r, h ig h lig h t the  im po rta n ce  o f th is  re s id ue  in 
th e  re g io se le c tiv ity  o f the  enzym e . The  s ize  o f the  s ide cha in  d ram a tic a lly  a ffe c te d  the  
p rodu c t d is tr ib u tio n  w ith  to lu ene  and  p -xy le n e  as sub s tra te s . T he  g re a te s t re la xa tio n  
o f re g io se le c tiv ity  w ith  to lu ene  as subs tra te  w as  seen  w ith  th e  T 201F  m u tan t w ith  a 
la rge  in c re ase  in o x ida tion  a t the  o r th o  pos ition . W hen  p -x y le n e  w as  th e  sub s tra te  
th e  la rg es t change  in re g io se le c tiv ity  from  s ide cha in  to  ring h yd ro xy la tio n  w a s  seen
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w ith  th e  T 201G  m u tan t. T h e se  la rge  sh ifts  in re g io se le c tiv ity  led th e  au tho rs  to  
con c lude  th a t it w as  th e  s ize  and vo lum e  o f th e  s id e cha in  th a t o ccup ied  th is  s ite  th a t 
led to  th e  a lte ra tio n s  in th e  re g io sp e c ific ity  o f T 4M O . H ow eve r it is no tab le  th a t 
m u ta tion  to  th e  m uch  sm a lle r g lyc in e  re s idue  had little  e ffe c t on re g io se le c iv ity  w ith  
to lu ene  as th e  sub s tra te  and  s im ila r ly  m u ta tion  to  th e  m uch  la rg e r p h en y la la n in e  
re s idue  had litt le  e ffe c t on th e  re g io se le c tiv ity  w hen  p -x y le n e  w as  th e  subs tra te .
T he  G 103L  m u tan t o f T 4M O  w as  des igned  a fte r seq uen ce  ana lys is  o f to lu ene  
m onoo xygenase  a lo ng s id e  re la ted  pheno l h yd ro xy la se  and  a lkene  m onoo xygenase  
en zym es  w h ich  have  Leu a t th is  pos ition . T he  sub s titu tio n  o f th e  tm o D  e ffe c to r 
p ro te in  w ith  th e  T 3 b uV  e ffe c to r p ro te in  o f a to lu ene  3 -m onoo xyg ena se  show ed  litt le  
change  in th e  re g io se le c tiv ity  o f th e  e n zym e  and bu t d id  show  a reduced  tu rn o ve r 
ra te  w ith  to lu e ne  as the  subs tra te . H ow eve r e nhanced  re g io se le c tiv ity  tow a rd s  o r th o  
h yd roxy la tion  w as  seen  w ith  th e  m u tan t G 103L  fo r  to lu ene , m e tho xyb en zene  and 
ch lo ro b enzene  ox id a tio n  fu r th e r h igh ligh tin g  th e  im po rta n ce  th a t th e se  a c tive  s ite  
re s idues  have  on re g io se le c tiv ity  (M itche ll e t  a l. 2002 ).
1 .3 .4 ) Id en tif ic a tio n  o f to lu e n e -4 -m o n o o x yg en a s e  m u tan ts  fo r  th e  in c re as ed  
p roduc tio n  o f p h a rm aceu tic a l p recu rso rs
The  iden tifica tio n  o f G 103  as an im po rta n t re s id ue  fo r  con tro llin g  re g io sp e c ific ity  o f 
T 4M O  led to  th is  re s idue  be ing  chosen  as one  o f th e  s ite s  fo r  s a tu ra tio n  m u ta ge ne s is  
s tud ie s  (Tao  e t  a l. 2004 ). T h is  s ite  w as  chosen  to  in ve s tig a te  th e  syn th e s is  o f nove l 
com pounds  a long  w ith  s ite s  A 107  and 1100. T h e se  s ites  w e re  a lso  iden tifie d  as 
be ing  im po rta n t in d e te rm in ing  re g io se le c tiv ity  due  to  a p rev iou s  s tud y  w he re  a 
d ire c ted  e vo lu tion  app roach  led to  c rea tion  o f m u tan ts  o f to lu e n e -o r th o  
m onoo xygenase  w ith  in c reased  1 -naph tho l s yn th e s is  a c tiv ity  (m en tio ned  la te r in th is  
chap te r). W ild  type  T4MO  w as  show n  to  o x id ize  o -c re so l to  the  d ih yd ro xy la te d  
p rodu c t 3 -m e th y lca te cho l and m e th y lh yd roq u in o ne  and to  o x id ize  o -m e th o xyph eno l 
to  4 -m e th o xy re so rc in o l, 3 -m e th y lca te ch o l and m e tho xyh yd ro qu in one . U s ing  o -c re so l, 
and  o -m e thoxypheno l as  sub s tra te s , m u tan ts  w e re  sc re ened  fo r  in c reased  
p roduc tion  o f 3 -m e thoxyca te cho l, m e th o xyh yd ro qu in o ne  and  m e th y lh yd ro q u in o ne  a ll
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use fu l p re cu rso rs  fo r  p ha rm aceu tica ls . A  n um be r o f m u tan ts  w e re  iden tifie d  w ith  
in c reased  p roduc tion  o f th e se  p re cu rso rs  com pa red  to  the  w ild  typ e  e n zym e  as w e ll 
as  a sh ift in th e  p rodu c t d is tr ib u tio n  o f th e se  p roduc ts , w h ich  led th e  a u th o rs  o f the  
w o rk  to  a rgue  th a t th is  e n zym e  cou ld  be  e n g inee red  us ing  m u tagene s is  to  o p tim ise  
th e  p roduc tion  o f sp e c ific  p rodu c ts  by con tro llin g  re g io sp e c ific ity  (T ao  e t  a l. 2004 ).
1.3 .5 ) R eg io sp ec if ic  o x id a tio n  o f  n a p h th a le n e  by to lu e n e -4 -m o n o o x y g e n a s e  
m utan ts
The  G 103 , A 107  and  1100 sa tu ra tio n  m u tagene s is  lib ra rie s  m en tio ned  abo ve  w e re  
a lso  sc re ened  fo r  th e  p rodu c tio n  o f 1 -naph tho l and  2 -naph th o l us ing  n a ph th a le n e  as 
th e  sub s tra te  (T ao  e t  a l. 2 004b ). W ild  typ e  T 4M O  ox id ized  naph th a le n e  a t a ra te  o f 
7 .7 nm o l/m in /m g  p ro te in  to  a lm o s t e q im o la r am oun ts  o f 1 -naph tho l (52% ) and  2 - 
naph tho l (48% ). T he  m u tan ts  I100A , I100S  and I100G  show ed  s im ila r ra tes  o f 
n a ph tha lene  ox id a tio n  to  th a t o f th e  w ild  typ e  bu t w ith  88 -95  %  2 -n aph th o l a s  th e  
m a jo r o x ida tion  p roduc t. T he  ra tes  o f n aph th a le n e  o x id a tio n  by  m u tan ts  G 10 3A  and  
G 103S  w e re  on ly  s lig h tly  less  than  th e  w ild  typ e  en zym e  (5 .6  and 5 .9  nm o l/m in /m g  
re spec tive ly ) bu t w ith  81 and 83 % 1 -naph tho l as th e  m a jo r o x id a tio n  p ro d u c t and  a 
doub le  m u tan t G 103S /A 107G  p rodu c ing  > 99 % 1 -naph tho l w as  a lso  iden tifie d  
(T ab le  1.9).
N aph tha lene  ox ida tion
Ra te  (nm o l/m in /m g ) %1 naph tho l % 2 naph tho l
W T T 4M O 7.7  ± 0 .5 52 48
I100A 7.0  ± 0 .5 8 92
I100S 5.5  ± 1 .6 5 95
I100G 7 .6  ± 0 .5 12 88
I100L 3.2  ± 1 .5 83 17
G 103S /A 107G 0.5 ±0 .1 99 1
G 103A 5.6  ± 1.5 81 19
G 103S /A 107G 5.9  ±0 .1 83 17
T ab le  1.9: A c tiv ity  and  p ro d u c t d is tr ib u tio n  from  th e  o x id a tio n  o f n a p h th a le n e  by  T 4M O  s ite  
d ire c te d  m u ta n ts  (T ao  e t al. 2004b ).
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1 .3 .6 ) P ro d u c tio n  o f  in d igo id  p ro d u c ts  by  to lu e n e -4 -m o n o o x y g e n a s e  m u tan ts
Us ing  th e  sam e  s ite s  1100 G 103 , A 107  and a n o th e r s ite  F196 , S te ffan  and  co ­
w o rke rs  used  s ite  d ire c ted  m u tagene s is  to  c re a te  a num be r o f m u tan ts  th a t p rodu ced  
nove l p igm en ted  p rodu c ts  from  the  o x id a tio n  o f indo le  (M cc la y  e t  a l. 2005 ). T h e se  
au tho rs  su g ge s t th a t th e  a lte ra tio n  o f re g io sp e c ific ity  o f th is  e n zym e  cou ld  lead to  a 
g re e n e r a lte rna tive  to  th e  fo rm a tio n  o f ind ig o id  co lo u re d  p roduc ts  com pa red  to  
cu rren t indus tria l s yn th es is  and  h ig h lig h t a n um be r o f a p p lica tio n s  o f th e se  p rodu c ts  
in th e  te x tile  ind us try  as  dyes  as w e ll as  th e ra p e u tic  a p p lica tio n s  o f a n um be r o f 
th e se  com pounds . H ow eve r th e  com m e rc ia l v ia b ility  o f  th is  app roach  com pa red  to  
m o re  w e ll e s ta b lish e d  chem ica l syn th e s is  m e th od s  is unc lea r.
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1.4  T o lu en e  o ftfto -m onoo xyq en ase
1 .4 .1 ) S tru c tu re  o f  to lu e n e -o r ffro -m on o o x yg en a se
S im ila r m u ta genes is  e xp e rim en ts  have  been  ca rried  ou t w ith  an o th e r 
m onoo xygenase  from  th e  to lu e ne  m onoo xygen a se  fam ily : to lu ene  o r th o ­
m onoo xygenase  (TOM ) from  B u r k h o ld e r ia  c e p a c ia  G4. L ike  sMMO  the  to lu ene  
o r th o -m onooxygenase  con s is ts  o f th re e  com ponen ts : a 40  kDa o x id o re d u c ta se  
com ponen t (e ncoded  by tom A S ), a 10.4 kDa  re gu la to ry  com ponen t (e ncoded  by 
to m A 2 )  and  a 211 kDa  h yd ro xy la se  com ponen t w ith  an 0 2^ 272  q u a te rn a ry  s tru c tu re  
(encoded  by to m A 1 A 3 A 4 )  w he re  th e  d iiron  s ite  is lo ca ted  w ith in  th e  h yd ro xy la se  a - 
sub un it e n coded  by to m A ^  (S h ie ld s  e t  a l. 1995).
1 .4 .2 ) D irec ted  evo lu tio n  o f  to lu e n e -o r ffto -m o n o o x y g en a s e  tow a rd s  in c re a s ed  
n aph th a len e  o x id a tio n  and  c h lo ro e th y le n e  d e g rad a tio n
The  na tu ra l sub s tra te  fo r  TOM  is to lu ene  and th e  en zym e  show s  a h igh  d e g re e  o f 
re g io sp e c ific ity  fo r  h yd roxy la tion  a t th e  o r th o  po s itio n  to  fo rm  o -c re so l a lm o s t 
e xc lu s ive ly . O ne  o f th e  m a jo r su cce sse s  in the  m u tagene s is  s tud ie s  o f so lu b le  d iiro n  
m onoo xygenase s  u tilized  a d ire c ted  evo lu tio n  a p p roach  to  iden tify  a m u ta n t w ith  
in c reased  naph tha le n e  ox id a tio n  and in c reased  ch lo ro e th y le n e  d e g ra da tio n  (C an ad a  
e t  a l., 2002 ). By us ing  a DNA  shu fflin g  te chn ique , a random  m u tan t lib ra ry  w as  
sc reened  fo r  n a ph tha lene  o x ida tion  us ing  the  co lo r im e tr ic  n aph th a le n e  o x id a tio n  te s t 
and a m u tan t w as  iden tified  w ith  a s ix  fo ld  in c re ase  in a c tiv ity  tow a rd s  n a p h th a le n e  
w ith  no change  in re g io spec ific ity . S equenc in g  o f th e  m u tan t iden tified  it as  hav ing  a 
m u ta tion  a t th e  V 106  pos ition  (L 1 10 in sMMO  1100 inT 4M O  and ToM O ). T h is  V 1 0 6 A  
m u tan t (d es igna ted  TO M -g reen ) a lso  show ed  in c re ase  d e g ra da tio n  o f 
1 ,1 d ich lo roe th y lene  and 1 ,2 - fra n s -d ich lo ro e th y le ne  and  in c reased  o x id a tio n  o f 
tr ia rom a tic  c om pounds  phenan th re n e  and  a n th ra cene  com pa red  to  th e  w ild  ty p e  
enzym e . T h is  suppo rted  th e  h ypo th es is  th a t th is  re s id ue  w as  ac ting  as  a su b s tra te  
ga te  and  th a t m u ta tion  to  a re s idue  w ith  a sm a lle r s id e  cha in  a llow ed  g re a te r a c ce ss
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o f  s u b s tra te s  to  th e  a c tive  s ite . T h is  ga ve  e xp e rim en ta l e v id ence  suppo rtin g  the  
h yp o th es is  th a t L110  in sM M O  a lso  had a ga ting  ro le  con tro llin g  sub s tra te  a cce ss  to  
th e  ac tive  s ite  (R osenzw e ig  e t  a l., 1997). T o  fu r th e r in c rease  the  p rodu c tio n  o f 1- 
naph tho l syn thes is , a sa tu ra tio n  m u tagene s is  app roach  a t th e  106 pos ition  o f th is  
TO M -g reen  m u tan t e n zym e  w as  used  and th e  re su lting  m u tan t lib ra ry  s c re ened  fo r  
in c reased  naph tho l s yn th e s is  (R u i e t  a l., 2004 ). A n  A 106E  m u tan t w as  iden tifie d  th a t 
had a tw o  fo ld  in c re ase  in 1 -naph tho l syn th e s is  w ith  no change  in re g io se le c tiv ity . 
T h is  en zym e  show ed  63%  in c re ase  in to lu e ne  o x id a tio n  ac tiv ity  and  had a la rge  
change  in re g io se le c tiv ity  com pa red  to  th e  w ild  type  w ith  o -c reso l (50% ) m -c reso l 
(25% ) and p -c re so l (25% ) com pa red  w ith  98 % o -c reso l be ing  p roduced  by th e  w ild  
type  enzym e . A n o th e r m u tan t id en tified  as  A 106F  had a 62 % inc reased  a c tiv ity  fo r  
to lu ene  ox ida tion  and  a lso  show ed  re la xed  re g io sp e c ific ity  w ith  o -c re so l (28% ) t r i ­
c re s o l (18% ) and p -c re so l be ing  p roduced  (T ab le  1.10).
to lu ene  ox ida tion naph th a le n e  ox ida tion
% o -
c reso l
% t r i ­
c re s o l
% p -
c reso l
ra te  o f 1 -naph tho l (nm o l 
m in '1 mg p ro te in '1)
% 1 -naph tho l
W T  TOM >98 0 0 0 .80  ± 0 .0 6 98
V 106A 50 33 17 3.6  ± 0.4 97
A 106E 50 25 25 7 .4  ± 0.4 98
A 106F 28 18 54 7 .4  ± 0.4 99
T ab le  1.10 : P ro d u c t d is tr ib u tio n  from  the  o x id a tio n  o f  to lu e n e  and  n a ph th a le n e  by  to lu e n e  
o r th o -m o n o o x va e n a se  s ite  d ire c te d  m u ta n ts  (R u i e t  a l.. 2 004 ).
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1 .4 .3 ) P ro du c tio n  o f  in d ig o id  p igm en ts  by  to lu e n e -o r ffto -m o n o o x y g e n a s e
DNA  shu fflin g  and ra ndom  m u tagene s is  w e re  used  to  s tud y  the  p rodu c tio n  o f nove l 
p igm en ts  from  ox ida tion  o f indo le  by TOM , (Ru i e t  a l. 2 004 ) in a s im ila r e xp e rim e n t to  
th a t m en tioned  above  by S te ffa n  and co -w o rke rs  us ing  T4MO . M u tan t lib ra rie s  w e re  
sc re ened  on com p le x  m ed ia  and  a m u tan t w as  iden tifie d  w ith  a d is tin c t b lue  
p igm en ta tio n  in its co lon ies . T he  sequen c in g  o f th is  m u tan t iden tified  th re e  am ino  
ac id  changes  com pa red  to  th e  w ild  type  e n zym e  a t D14, A 1 13 and  F465 . T he  D14 
and  A 1 13 s ite s  a long  w ith  a n o th e r s ite  V 106  iden tified  as in flu enc ing  re g io se le c tiv ity  
in TOM  (C anada  e t  a l. 2 002 ) w e re  chosen  fo r  sa tu ra tio n  m u tagene s is  and  a va r ie ty  
o f m u tan ts  w e re  c rea ted  th a t o x id ized  indo le  to  w ide  range  o f nove l p igm en ted  
p roduc ts . T h is  led th e  au tho rs  to  sugges t th a t TOM  m u tan ts  cou ld  a lso  be  c rea ted  
w ith  a lte red  re g io se le c tiv ity  to  p rodu ce  com m e rc ia lly  v ia b le  p roduc ts . H ow eve r, as in 
th e  p rev iou s  e xp e rim en t w ith  T 4M O  the  qu e s tio n  s till rem a ins  a b ou t th e  com m e rc ia l 
v ia b ility  com pa red  to  con ven tio na l chem ica l s yn th es is  m e thods .
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1.5 T o lu en e /o -x y len e  m onooxyg en ase
1 .5 .1 ) S tru c tu re  o f  to lu e n e /o -x y le n e  m ono o x yg en as e
The  to lu ene -o -x y le n e  m onoo xygenase  (T oMO ) o f P s e u d o m o n a s  s tu tz e r i  0 X 1  is a 
fo u r com ponen t m onoo xygenase  con s is tin g  o f a o x id o re d u c ta se  com ponen t 
(encoded  by to u F )  an e ffe c to r p ro te in  (encoded  by  to u D )  a R ieske  type  fe rre d o x in  
com ponen t (encoded  by to u C )  and  a h yd ro xy la se  com ponen t (encoded  by  to u A B E ) .  
T he  hyd ro xy la se  has an a 2p2V2 q u a te rn a ry  s tru c tu re  w he re  the  d iiro n  cen tre  is fo und  
w ith in  th e  hyd ro y la se  a -su b u n it en coded  by to u A  (B e rton i e t  a l. 1998).
1 .5 .2 ) Id en tif ic a tio n  o f  to lu e n e /o -x y le n e  m ono o x yg e n a s e  m u tan ts  fo r  th e  
in c re ased  p ro d u c tio n  o f  p h a rm aceu tic a l p re cu rso rs
ToM O  hyd ro xy la te s  to lu ene  in th e  o r th o , m e ta ,  and p a ra  p os itions , h yd ro xy la te s  o- 
x y le n e  in bo th  th e  m e ta  and p a ra  p o s itio n s  and  a lso  co -o x id ize s  a n um be r o f o th e r 
a rom a tic  subs tra te s . W ood  and  co -w o rke rs  have  used  bo th  ra ndom  m u ta ge ne s is  
us ing DNA  shu fflin g  and sa tu ra tio n  m u tagene s is  a p p ro a che s  to  s tu d y  th is  e n z ym e  in 
de ta il. Sa tu ra tio n  m u tagenes is  a t p o s itio n s  1100 Q141 T201 and F205  id e n tifie d  a 
n um be r o f m u tan ts  in c lud ing  I100Q  and  F205G  capab le  o f p roduc ing  nove l o x id a tio n  
p rodu c ts  and  im po rta n t p h a rm aceu tica l p re cu rso rs  4 -m e th y lre so rc in o l and 
m e th y lh yd roq u in o ne  (V a rda r and W ood , 2004 ) in an  e xp e rim en t s im ila r to  th a t 
ca rried  ou t in th e  sam e  labo ra to ry  w ith  T 4M O  m en tio ned  above  (Tao  e t  a l. 2 004 ). 
A n o th e r M 180T /E 284G  m u tan t iden tified  from  the  DNA  shu fflin g  m u ta ge ne s is  lib ra ry  
w as  a lso  ab le  to  fo rm  th e  nove l o x id a tio n  p ro du c t m e th y lh yd ro q u in o ne  (V a rd a r and  
W ood , 2004 ). N itro benzene  o x ida tion  w as  a lso  used  to  sc reen  th e  DNA  shu fflin g  
m u tan t lib ra rie s  and sa tu ra tio n  m u tagenes is  m u ta n t lib ra rie s  and  y ie ld ed  a n o th e r 
re s idue  E214  th a t w as  show n  to  a ffe c t re g io se le c tiv ity  o f th e  en zym e  and  y ie ld e d  a 
num be r o f m u tan ts  w ith  in c reased  p rodu c tio n  o f 3 -n itro ca te cho l, 4 -n itro ca te ch o l and  
n itrohyd roqu inone .
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1 .5 .3 ) D ire c ted  evo lu tio n  o f  to lu e n e /o -x y le n e  m ono o x yg en as e  tow a rd s  
in c re as ed  c h lo ro e th y le n e  d eg rad a tio n
A  DNA  shu fflin g  ra ndom  m u tan t lib ra ry  and  a sa tu ra tio n  m u tagene s is  (a t p o s itio n s  
1100 Q141 T201 F205  and E214 ) lib ra ry  w e re  used to  sc reen  fo r  e nhanced  
ch lo ro e th y le n e  d e g rada tio n  w he re  I100Q  w as  show n  to  have  a 2 .8  fo ld  in c re ase  in 
TC E  deg rada tio n  com pa red  to  th e  w ild  type  T oM O  enzym e . A n o th e r m u tan t 
iden tified  from  the  DNA  shu fflin g  lib ra ry  E 214G /D 312N /M 399V  w ith  in c reased  
d e g rada tio n  o f 1 ,2 -c /s -d ich lo ro e th y le ne  (V a rda r and  W ood ,. 2005  b; T a b le  1.11). T he  
au tho rs  a lso  show ed  th a t m u tan ts  T 2 01G  T 201S  and  A 1 0 7T /E 2 1 4A  had s ig n if ic a n tly  
a lte red  re g io sp e c ific ity  in th e  o x id a tio n  o f n a ph th a le n e  and o -xy lene . In dep th  s tud y  
o f th e  M 180  and E214  po s itio n s  us ing  sa tu ra tio n  m u tagene s is  a p p roach  w as  a lso  
ca rried  ou t (V a rda r and W ood , 2005b ; T a b le  1.12). T he  au tho rs  show ed  th a t M 180  
has  a m uch  m o re  p ronounced  a ffe c t on  re g io sp e c ific ity  w ith  a num be r o f a rom a tic  
com pounds  and  th a t E 214  has m uch  less o f an e ffe c t on th e  re g io sp e c ific ity  o f th e  
en zym e  bu t d oes  e ffe c t th e  ra te  o f th e  reac tion . T h e se  re su lts  lead  to  th e  h yp o th e s is  
th a t M 180 is a n o th e r re s idue  in vo lved  in ga ting  a cce ss  o f th e  sub s tra te  to  th e  ac tive  
s ite .
TCE degradation 
(nmole m in '1 mg 
prote in '1)
DCE degradation 
(nmole m in '1 mg 
pro te in '1)
W T  T oM O 0.41 ± 0 .0 2 2 .7  ± 0 .0 5
I100Q 0 .85  ±0 .0 1 3 .8
K160N 0 .53  ±0 .0 1 NM
E 214G /D 312N /M 399V NM 5.3
T ab le  1.11 : D eg ra da tio n  ra te s  fo r  T oM O  m u ta n ts  a g a in s t tr ic h lo ro e th y le n e  and  d ic h lo ro e th y le n e  (V a rd a r  and  
W ood . 2005 )
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to lu e ne  re g io se le c tiv ity
(% )
o -xy le ne
re g io se le c tiv ity
(% )
na ph th a le n e  












1 -N aph tho l 2 -N aph th o l
W T  T oM O 32 21 47 82 18 88 12
I100Q 22 44 34 76 24 89 11
A 1 0 7T /E 2 1 4A 2 5 93 97 3 64 36
K160N 30 23 47 82 18 89 11
M 180T /E 284G 32 26 42 88 12 88 12
T201S 31 18 51 65 35 96 4
T 201G 53 12 35 100 0 >99 <1
E 214G /D 312N
/M 3 9 9V 35 22 43 81 19 89 11
E214G 32 20 48 83 17 89 11
T ab le  1.12 : P ro d u c t d is tr ib u tio n  from  the  o x id a tio n  o f to lu ene , o -x y le n e  and  n a p h th a le n e  by T oM O  s ite  d ire c te d  
m u ta n ts  (V a rd a r and  W ood . 2 005b ).
1 .5 .4 ) In v es tig a tio n  o f to lu e n e /o -x y le n e  m ono o x yg e n a s e  fre e  rad ic a l 
in te rm ed ia te s  us ing  s ite  d ire c ted  m u ta g en es is
S ite  d ire c ted  m u tagenes is  w as  used to  c rea te  m u tan ts  I100Y , I100W , F 2 05W  and  
L208F  w ith  th e  in ten tion  o f c rea ting  a m u tan t w ith  a la rge  s ide  cha in  th a t b lo cked  the  
h yd ro phob ic  channe l (M u rra y  e t  a l. 2007 ; Fig. 1 .9). T h is  a llow ed  the  a c cum u la tio n  o f 
in te rm ed ia te s  in the  T oM O  re ac tive  cyc le  th a t had no t p re v io u s ly  been  de te c te d . In 
th e  I100W  m u tan t th e  fo rm a tio n  and  d e ca y  o f re ac tive  spe c ie s  w as  cha ra c te r iz e d  by 
rap id  fre e ze -quench  EPR , M ossbau e r and ENDOR  sp e c tro s co p y  and  th e  a u th o rs  
repo rted  th e  de tec tio n  o f an EPR  s ilen t, o p tica lly  tra n sp a re n t d iiron  (F e IM2) 
in te rm ed ia te  th a t w as  ab le  to  o x id ize  th e  nea rb y  W 100  re s idue  to  fo rm  a m ixed  
va le n t d iiro n  (F em/F e lv) cen tre  coup led  to  a tryp to p han y l rad ica l th a t d is p la yed  an 
a b so rp tio n  band  a t 500  nm . T h is  spe c ie s  w as  show n  to  sub sequ en tly  d e ca y  to  th e  
res ting  d iiron  (F e IN2) sta te . T he  d e te c tio n  o f th e se  in te rm ed ia te s  led to  th e  p ro p o sa l o f 
a schem e  w he re  d io xygen  ac tiva tion  p ro ceeds  v ia  th e  one  e le c tron  re duc tio n  o f a 
pe roxod iiro n  (III) in te rm ed ia te  to  fo rm  the  m ixed  v a le n t cen tre  and led to  
com pa riso n s  w ith  r ib o nu c le o tid e  reduc ta se  w he re  a p e ro xod iiro n  cen tre  has  been  
show n  to  reac t in a s im ila r m anne r (K rebs  e t  a l. 2000 ).
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Fig 1.9) V ie w  o f th e  a c tiv e  s ite  p o c ke t o f T oM O H  from  the  s u b s tra te  a c ce s s  ch anne l. T h e  d iiro n  
a tom s  a re  show n  as  o ra n g e  sphe re s . T h e  op en in g  to  th e  p o c k e t is bo rde red  by  re s id u e s  1100, 
T201 , F205 , and  F196.
(T a ken  from  M u rra y  e t  a l. (2 007 )
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1.6 T o lu en e -3 -m onoo xyq en ase
1.6 .1 ) S tru c tu re  o f  to lu e n e -3 -m o n o o x yg en a s e
The  to lu e ne -3 -m onoo xyg ena se  (T 3MO ) o f R a ls to n ia  p ic k e t i i  PKO -1 is a fo u r 
c om ponen t m onoo xygenase  cons is ting  o f a o x id o re d u c ta se  c om ponen t (e ncoded  by 
tb u C )  an e ffe c to r p ro te in  (encoded  by tb u V )  a R ieske  type  fe rr id o x in  com ponen t 
(e ncoded  by tb u B )  and a h yd ro xy la se  com ponen t (e ncoded  by  tb u A 1 A 2 U )  w ith  an 
c<2p2Y2 q ua te rn a ry  s tru c tu re  w he re  the  d iiron  cen tre  is found  w ith in  th e  h yd ro y la se  a - 
sub un it en coded  by tb u A 1  (O lsen  e t  a l. 1994; O lsen  e t  a l. 1995).
1.6 .2 ) S ite  d ire c ted  m u tag en es is  o f  to lu e n e -3 -m o n o o x yg en a s e
By com pa rison  o f m u ta gene s is  e xp e rim en ts  o f re la ted  a rom a tic  m onoo xygenases  
th re e  am ino  ac id  p o s itio n s  w e re  chosen  fo r  s ite  d ire c ted  m u tagene s is  o f T 3M O  
(F ishm an  e t  a l., 2004 ). T he  po s itions  1100, G 103  and A 107  w e re  cho sen  based  on 
th e  w o rk  o f W ood s  and  co -w o rke rs  on ana lo g ou s  p o s itio n s  o f T 4M O  m en tioned  
e a r lie r (Tao  e t  a l.. 2004 ) as  w e ll as m u tagene s is  e xp e rim en ts  on a n a lo g ou s  po s itio n s  
w ith in  TOM  a lso  m en tioned  above  (M itche ll e t  a l. 2002 ), (R u i e t  a l., 2005 ). M u tan t 
lib ra rie s  w e re  c rea ted  and e xp ressed  in E. c o l i and  sc re ened  fo r  a c tiv ity  a g a in s t a 
num be r o f subs titu te d  b e nzenes  and pheno ls . A c tiv ity  o f th e  m u tan ts  w as  a sse ssed  
by th e  fo rm a tio n  o f ca te cho l d e riva tive s  from  the  ox id a tio n  o f th e se  su b s tra te s  w h ich  
a u to -o x id ize  to  fo rm  a red -  b row n  co lou r. T he  w ild  ty p e  T 3M O  en zym e  show s  a 
p re fe rence  fo r  o x id a tion  a t th e  p a ra  pos ition  w ith  88%  p -c re so l be ing  p rodu ced  from  
ox ida tion  o f to luene . T he  au tho rs  iden tified  a n um be r o f m u tan ts  w ith  s ig n if ic a n tly  
a lte red  re g io se le c tiv ity  tow a rd s  ox ida tion  a t bo th  th e  o r th o  and m e ta  po s itions . T he  
A 107G  m u tan t show ed  80%  o -c reso l p roduc tion  w hen  to lu e ne  w as  th e  sub s tra te  and  
88%  o -m e thoxypheno l p roduced  w hen  m e tho xyb en zene  w as  th e  subs tra te , 
com pa red  to  100%  p -m e th o xypheno l p roduced  by th e  w ild  type  enzym e . Tw o  
m u tan ts  I100S  and  G 103S  w e re  show n  to  have  an in c re ase  in h yd ro xy la tio n  a c tiv ity  
a t th e  m e ta  pos ition  w ith  33%  and 29%  m -c re so l be ing  p roduced  re spe c tive ly  w hen  
to lu ene  w as  th e  ox ida tion  p rodu c t com pa red  to  10%  fo r  th e  w ild  type  en zym e . T h is  
led th e  au tho rs  to  c rea te  the  doub le  m u tan t I1 00S /G 103S  w h ich  p roduced  75%  m -
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c reso l w hen  to lu ene  w as  th e  sub s tra te  and 100%  /77-n itro p heno l w hen  n itro benzene  
w as  th e  sub s tra te  com pa red  to  100%  p -n itro b en zene  w ith  th e  w ild  ty p e  (F ishm an  e t  
a l., 2004 ). T hese  re su lts  show ed  how  th e  au tho rs  cou ld  use  m u tagenes is  
e xp e rim en ts  o f re la ted  m onoo xygenases  to  gu ide  th e ir  cho ice  o f s ite s  fo r 
m u ta gene s is  to  a lte r the  re g io sp e c ific ity  o f th is  en zym e .
56
1.7 D eo xyh ypu s in e  h yd ro xy lase
1 .7 .1 ) S tru c tu re  o f  d e o x yh yp u s in e  h y d ro xy la s e
The  hum an  deoxyh yp u s in e  h yd ro xy la se  (DOHH ) e n zym e  has a lso  re cen tly  been  
show n  to  be a non haem  d iiron  m onooxygenase , h ow eve r th e re  is ve ry  little  
se q uence  s im ila r ity  to  th e  o th e r m onoo xygen ase s  m en tio ned  he re  (Vu e t  a l. 2009 ). 
H ypus ine  is an unusua l am ino  ac id  p re sen t in th e  e u ka ryo tic  tra n s la tio n a l in itia tio n  
fa c to r e lF 5 A  w h ich  is requ ired  fo r  ce ll p ro life ra tio n  (P a rk  e t  a .1 1997, C hen  and  Liu, 
1997, C a rag lia  e t  a l. 2001 ). D eoxyh ypu s in e  h yd ro xy la se  w o rk s  in co n ju n c tio n  w ith  a 
second  en zym e  d e o xyh ypu s in e  syn th a se  to  fo rm  the  hypus ine  am ino  ac id  from  a 
lys ine  re s idue  on an e lF 5A  p recu rso r.
1 .7 .2 ) A n a ly s is  o f  d e o x yh yp u s in e  h y d ro x y la s e  iron  b in d in g  re s id u e s
The  hum an  de o xyh yp us in e  h yd ro xy la se  en zym e  con ta in s  th e  H is -G lu  iron b in d ing  
ligands  p re sen t in all ba c te ria l d iiron  m onooxygenases . A  num be r o f m u tagene s is  
app ro a che s  w e re  used  to  p robe  th e  a c tiv ity  o f th e se  g lu tam a te  and  h is tid in e  iron 
ligands  S ite  d ire c ted  m u tagene s is  w as  used to  sh ow  th a t by  sub s titu tin g  an  a la n in e  
re s idue  in to  any  o f th e  g lu tam a te  o r h is tid in e  re s id ue s  w ith in  th e  fo u r  H is -G lu  b in d ing  
m o tifs  re su lted  in a loss o f e n zym a tic  a c tiv ity  (K im  e t  a l. 2007 ). W ild  typ e  and  s ite  
d ire c ted  DOHH  m u tan ts  w e re  c rea ted  as G S T -fu s ion  p ro te in s  by sub  c lo n in g  in to  th e  
pG EX -4T -3  e xp re ss io n  v e c to r and  o ve r e xp re ss in g  w ith in  E. c o l i  s tra in  B L21 (D E 3 ). 
By m easu rin g  th e  m e ta l c o n te n t o f th e se  m u tan ts  us ing  IC P -M S  it w a s  show n  th a t 
th e re  w as  a s ig n if ic a n t reduc tio n  in the  iron con te n t o f s ix  ou t o f th e  e ig h t s in g le  s ite  
d ire c ted  m u tan ts  com pa red  to  th e  w ild  type  en zym es . T h e  tw o  m u tan ts  E 57A  and  
E 208A  show ed  no rm a l iron con te n t bu t had no d e te c ta b le  ac tiv ity . T h is  p rov ided  
s trong  e v id en ce  th a t th e se  H is -G lu  m o tifs  w e re  invo lved  in iron b in d ing  a t tw o  
sepa ra te  iron coo rd in a tio n  s ite s .
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1.7 .3) S ite  d irec ted  m u tagenes is  o f  am ino  ac id  res idues  conserved  am ong  
deoxyhypus ine  hyd roxy lase
A  study o f 36  am ino acid sites that w ere  highly conserved among eukaryotic  
deoxyhypusine hydroxylases w as  carried out including those o f H is-G lu motifs 
mentioned above and a lan ine  substitutions at each  site w ere  created  using the sam e  
expression system  described above (Kang et al. 2 0 07 ). Affinity chromotography with 
GSH -sepha rose  beads was used to study substrate binding o f these mutants. It w as  
shown that four mutants E57A , E 208A , E 90A  and E 241A  all exhibited significantly 
less substrate binding than the wild type en zym e. As described previously these  
mutants showed no en zym e activity but E 57A  and E 208A  showed a iron content 
comparab le  to the wild type enzym e highlighting the role o f these residues in 
substrate binding. T h e  poor binding efficiency o f E 90A  and E 241A  indicated that 
these residues w ere  involved in both iron coordination and substrate binding. Th e  
histidine to a lan ine substitutions within the  H is-G lu motifs all showed substrate  
binding activity comparab le  to the wild type enzym e. As these mutants w ere  shown  
to have very little iron content, this shows that the  substrate binding o f the  en zym e  is 
not dependant on the presence o f iron although it is necessary  for activity. T h e  
remaining a lanine substituted mutants all retained activity but less than that o f the  
wild type enzym e. O f these  mutants G 63A  and G 214A  showed reduced substrate  
binding which possibly accounts for the reduction in activity. Ano ther m utant M e t237  
also showed a w eak  ho loenzyme band on a  non-denaturing native gel, leading the  
authors to suggest that this too m ay be involved in iron binding. Further site d irected  
mutagenesis  to crea te  substitutions o f a lanine, asparag ine and g lutam ine at E 57  and  
E208  sites showed that only asparag ine substitutions a t these sites reta ined  any  
enzym e or substrate binding activity. Th is provided strong ev idence  that it w as  the  
interaction o f the carboxylate side chain that w as  required for activity. T h e  M 237A  
mutant showed a  faint band on a native gel corresponding to the ho loenzyme, 
leading the author to suggest this too m ay be involved in iron binding. H ow ever th ere  
is insufficient ev idence to confirm this as  it is possible that the  reduced iron centre  
may be due to instability o f the en zym e and not due to altered iron binding.
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1 .7 .4 ) D e te c tio n  o f a d iiro n  s ite  in d e o xyh yp u s in e  h y d ro xy la s e  us ing  
s p e c tro s co p ic  an a ly s is
The  p re sen ce  o f a d iiron  cen tre  sugges ted  by th e  m u tagene s is  s tud ie s  m en tio ned  
above  w as  con firm ed  us ing  a com b ina tio n  o f va r io u s  sp e c tro s co p ic  a p p ro a che s  
in c lud ing  EPR , M o ssbaue r and RAM AN  spe c tro s co p y  (Vu e t  a l. 2009 ). T he  d e te c tio n  
o f a d iiron  cen tre  in th is  enzym e , th e  fa c t e n zym e  a c tiv ity  is O 2 d e p e n d e n t and  
e v id en ce  o f a p -pe ro xo -d iiro n  (F em) in te rm ed ia te  de te c te d  by R am an  sp e c tro s co p y  
led th e  au tho rs  to  sugges t a m onoo xygenase  like  reac tion  fo r  th is  e n zym e . A lth o u gh  
to  da te  th e  sou rce  o f e le c tron s  fo r  th e  reduc tion  o f th e  d iiron  s ite  is s till unknow n .
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1.8 R ib onu c leo tid e  red uc tase
1 .8 .1 ) S tru c tu re  o f  r ib o n u c le o tid e  redu c ta se
R ib o n u c le o tid e  re duc ta ses  p la y  a cen tra l ro le  in DNA  b io syn the s is  ca ta lys in g  th e  
reduc tio n  o f r ib o nu c le o tid e s  to  th e  co rre spond ing  d e o xy rib onu c le o tid e s . T h e re  a re  
th re e  c la sse s  o f r ib o nu c le o tid e  reduc ta ses , the  c la ss  1 en zym es  con ta in  a d iiro n  s ite  
hom o lo gou s  to  sMMO , th e  c la ss  2 en zym es  con ta in  a coba lt con ta in in g  co fa c to r  and 
th e  c la ss  3 en zym es  con ta in  a [4F e -3S ] c lus te r. T h e  C lass  1A  e n zym e  o f E. co li, 
w h ile  no t a m onoo xygenase , con ta in s  a d iiron  s ite  hom o lo gou s  to  sM M O  w h ich  
in te rac ts  w ith  d io xygen  v ia  a w e ll e s ta b lish e d  rad ica l ch em is try  p a thw ay  w h ich  w as  
one  o f th e  fu n c tio n s  th a t led to  th e  sugges tio n  o f rad ica l ch em is try  in sMMO . T he  
en zym e  has an a 2p 2 s tru c tu re  w ith  th e  a subun it con ta in in g  the  a c tive  s ite  and  th e  (3 
subun it co n ta in in g  th e  d iiron  s ite . In E. c o l i the  a -su b u n it is d e s ig na te d  R1 and  is 
en coded  by n rd A .  T he  d iiron  con ta in in g  (3 subun it is en coded  by n rd B  and  is 
de s igna ted  R2 (C a rlson  e t  a l. 1984). T he  d iiron  s ite  w ith in  R2 is housed  w ith in  a fo u r 
he lix  b u nd le  s im ila r to  th a t in th e  S D IM O s  and  is coo rd in a ted  by a th re e  g lu tam a te  
(G 1 15, G 204 , G 238 ) and  tw o  h is tid in e  re s idues  (H 1 18, H 241 ) as w e ll as  one  
a sp a rta te  re s idue  (D 84 ) (N o rd lund  and  E ck lund , 1993). T he  d iiron  cen tre  fo rm s  a 
s tab le  ca ta ly tic  ty ro sy l rad ica l a t pos ition  Y 122  w h ich  is e ssen tia l fo r  a c tiv ity  o f th e  
e n zym e  (S jobe rg  e t  a l. 1978) and o ccup ie s  an e q u iva le n t pos ition  in th e  s tru c tu re  to  
C151 in sMMO  (E lango  e t  a l. 2007 ). T he  ty ro sy l rad ica l is tra n s fe rre d  to  a c ys te in e  
w ith in  th e  ac tive  s ite  o f R1 v ia  a con se rved  a rra y  o f h yd rogen  bonded  am in o  a c id s  to  
p roduce  a th iy l rad ica l w h ich  rem oves  th e  hyd roxy l g roup  from  the  r ib o n u c le o tid e  
(U h lin  and  E ck lund  1994; S jobe rg  1997; E ckbe rg  e t  a l. 1998; S tubbe  e ta l .  2003 )
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1 .8 .2 ) A n a ly s is  o f  th e  rad ica l p a thw ay  o f  r ib o n u c le o t id e  red u c ta se  u s ing  s ite  
d ire c ted  m u tag en es is
A  num be r o f s ite  d ire c ted  m u tan ts  have  been c rea ted  to  c lo se ly  s tud y  th e  rad ica l 
tra n sp o rt from  the  R2 subun it to  th e  ac tive  site . E x ten s ive  s tud ie s  on  m u ta tio n s  o f 
Y 122 , W 48 , D 237  and Y 356  have  iden tified  th e se  am ino  a c id s  as be ing  in vo lved  in 
th e  tra n s fe r o f th e  rad ica l from  the  R2 d iiron  s ite  to  th e  R1 subun it (B o llin g e r Jr. e t  
a l. 1994; C lim e n te fa / .  1992; Sah lin  e ta l .  1994; E ckbe rg  e ta l .  1998; K rebs  e t  a l. 
2 0 0 0 ).
O th e r m u tagene s is  s tud ie s  have  fo cu ssed  on th e  in te rm ed ia te s  in th e  a c tiva tio n  o f 
Y 122  by th e  d iiron  s ite . T he  iron ligand  D 84 has a lso  been  th e  sub je c t o f m uch  
in ve s tig a tio n  by m u tagenes is . T he  c rea tion  o f a r ib o nu c le o tid e  re duc ta se  R2 
W 48F /D 84E  doub le  m u tan t a llow ed  the  cha ra c te riza tio n  o f a pe ro xo -d iiro n  
in te rm ed ia te  s im ila r to  th a t de te c te d  in th e  sMMO  en zym e  (B a ldw in  e t  a l. 2001 ), 
w h ich  w as  fo llow ed  by th e  s e lf h yd ro xy la tio n  o f re s id ue  F208 . T h is  is no t seen  in th e  
w ild  typ e  a c tiv ity  o f th e  R2 su b un it o f r ib o nu c le o tid e  reduc ta se  w he re  th e  na tu ra l 
re ac tion  is th e  one  e le c tron  o x ida tion  o f ty ro s in e  to  a ty ro sy l rad ica l. T h is  show ed  
th a t by  a lte ring  th e  iron ligands  and  d is ru p tin g  th e  e le c tron  tra n sp o rt cha in  an  MMO  
like a c tiv ity  cou ld  be con fe rred  upon  th e  R2 subun it. T he  doub le  m u tan t 
F 208A /Y 122F  m u tan t c re a ted  a la rg e r h yd rophob ic  p o cke t a round  th e  ac tive  s ite  
w h ich  a llow ed  th e  b ind ing  o f az id e  to  th e  d iiron  s ite  (A nde rsson  e t  a l. 1999). T he  
a z ide  w as  ab le  to  m im ic  th e  in te rac tio n  o f o xygen  to  th e  ac tive  s ite  s in ce  it is a b le  to  
b ind th e  iron w ith o u t ox id iz in g  it. T h is  a llow ed  N o rd lund  and cow o rke rs  to  ca rry  o u t 
a n a lys is  on th e  c rys ta l s tru c tu re  o f th is  m u tan t and  obse rve  a ca rbo xy la te  s h ift o f th e  
E238  iron ligand , a phenom enon  a lso  seen  w ith in  th e  ca ta ly tic  cyc le  o f sM M O  
(W h ittin g ton  e t  a l. 2001).
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1.9 S tea ro y l A CP  d esa tu ra se
1 .9 .1 ) A c tiv ity  o f  s te ao ry l A C P -d e s a tu ra s e
The  a cy l-c a rr ie r p ro te in  (ACP ) d e sa tu ra se s  a re  a fam ily  o f p ro te in s  w h ich  ca ta ly se  
th e  f irs t s tep  in th e  syn th e s is  o f u n sa tu ra ted  fa tty  a c id s  in p lan ts . T h e se  en zym es  
ca ta lyse  a d e h yd rogena tio n  reac tion  a t sp e c ific  lo ca tio n s  a long  th e  fa tty  ac id  cha in  
and in se rtion  o f a doub le  bond  in sa tu ra ted  fa tty  ac ids . O ne  o f th e  m os t com m on  o f 
th e se  e n zym es  is th e  so lu b le  A 9-s te a ro y l-A C P  (18 :0 ) d e sa tu ra se  w h ich  ca ta ly se s  th e  
syn th e s is  o f o le o y l-A C P  (18 :1 ) from  s te a ro y l-A C P  by abs tra c tin g  a h yd rogen  from  
th e  A 9 pos itio n  and  in se rting  a d o ub le  bond  be tw een  C9 and C 10  o f th is  18 -ca rbon  
fa tty  ac id  cha in . T o  ca rry  o u t th is  reac tion  th e  en zym e  uses an ac tive  s ite  d iiro n  
cen tre  to  a c tiva te  o xygen  in o rd e r to  ca rry  ou t th e  ab s tra c tio n  o f h yd rogen  (L in d q v is t 
e t  a l. 1996). T h is  is a n o th e r e xam p le  o f an en zym e  th a t w h ile  no t s tr ic tly  a 
m onoo xygenase  is re la ted  to  sM M O  and  has  a s im ila r m echan ism  o f a c tio n  th a t has  
been  s tud ied  us ing  s ite  d ire c ted  m u tagenes is .
1.9 .2 ) S ite  d ire c ted  m u tag en es is  o f  s te a ro y l A C P -d e s a tu ra s e  a t p o s itio n  
Th r1 99
The  d e te rm ina tio n  o f th e  c rys ta l s tru c tu re  fo r  th is  e n zym e  has enab led  s tru c tu ra l 
com pa riso n s  w h ich  have  been  th e  bas is  o f som e  s ite  d ire c ted  m u tagene s is  
e xpe rim en ts . By com pa rin g  th e  ac tive  s ite  to  th a t o f a n o th e r re la ted  d iiro n  co n ta in in g  
p e ro x id a se  en zym e  rube ry th rin , th e  re s idue  T 1 99  w as  no ted  as po ss ib ly  in te ra c tin g  
w ith  th e  d iiron  s ite  and a ffe c ting  th e  end  p rodu c t (G uy  e t  a l. 2006 ). T h is  has  g iven  
suppo rt to  th e  th e o ry  th a t the  fo u r he lix  d iiro n  p ro te in  fam ily  evo lved  from  an  a n c ie n t 
a n ces tra l o x id a se  p ro te in  s ince  such  s tru c tu ra l h om o lo gy  is seen  de sp ite  a la ck  o f 
seq uen ce  hom o logy  fo r th e se  enzym es . T h e  co rre sp ond in g  pos itio n  w ith in  
ru be ry th rin  w as  o ccup ied  by a g lu tam a te  re s id ue  and  so  m u tan ts  T 1 99D  and  T 1 9 9E  
w e re  c rea ted  w he re  the  th re on in e  s id e cha in  w as  rep la ced  by a ca rbo xy la te  
con ta in in g  g lu tam a te  o r a sp a rta te  res idue . T h e se  m u tan ts  w e re  e xp re ssed  w ith in  E.
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coli and purified before being assayed  for desaturase activity using radiolabled  
substrate and analysis by thin layer chromatography. T h e  reduced (d iferrous) form  of 
the  en zym e  has been shown to have a  slow  rate o f autooxidation in the absence  of 
substrate compared to that o f o ther diiron enzym es. Therefo re  the peroxide- 
dependent reoxidation of the  reduced form  of the  en zym e was  used as a  basis for 
assaying peroxidase activity. Both enzym es  had reduced desaturase activity  
compared to the wild type enzym e but the T 1 9 9D  had a  > 3 1 -fold increase in 
peroxidase activity compared to the wild type enzym e.
1.9.3) C rea tion  o f  ch im eric  desa tu rase  pro te ins
Shanklin and coworkers have used the structures o f a number o f d ifferent A C P -  
desaturase enzym es  as a basis fo r site directed m utagenesis  experim ents  in order to 
study the product specificity o f these enzym es. By creating chimeric proteins o f the  
A6-16 :0 -A C P  desaturase  and the A 9-18 :0 -A C P  desaturase; a  A e-16 :0 -A C P  ch imeric  
mutant was  created  which displayed A 6 and A 9 desaturase  activities towards both 
16 :0 -ACP  and 18 :0 -ACP  (Cahoon etal. 1997 ). This led to the identification o f a  
group o f 29  am ino acids (residues 178 - 2 0 7  in stearyl acp desa tu rase corresponding  
to residues 2 2 6  - 2 5 6  in Mm oX ) which contained determ inants o f both chain length  
and double bond position specificity. Th e  authors then used this know ledge as the  
basis fo r the  rational design o f a L 1 18F /P 179 I A 9-18 :0 -A C P  desaturase double  
mutant with a  15-fold increase in specific activity towards 16 :0 -ACP . T h e  creation o f 
a triple m utant o f A 9-18 :0 -A C P  desaturase  designed to study the determ ination o f 
regioselectivity o f a A4-16 :0 -A CP  desa tu rase produced a  mutant which reta ined  
activity towards A 9-18 :0 -A C P  desaturation activity however the products w e re  further 
metabo lized  to the corresponding trans-allylic alcohol and a conjugated linolenic acid  
isomer (Whittle etal. 2 008 ). In both these  studies, the  alteration o f the  substrate  
binding site and in particular o f a  bend in the active site has led to the greates t 
change  in regioselectivity suggesting that this structural featu re  is key in the  
regioselectivity o f this enzym e.
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1.10  S cope  o f th is  th es is
The  m u tagene s is  s tud ie s  de sc rib ed  abo ve  have  a llow ed  sub s ta n tia l in s igh t in to  the  
s tru c tu ra l bas is  fo r  m any  a spec ts  o f th e  a c tiv ity  o f d iiron  m onoo xygenases  and  th e ir  
re la ted  enzym es . T h e se  d ive rse  p re v iou s  s tud ie s  have  led to  a n um be r o f 
h ypo th eses  a b ou t th e  ro les  o f sp e c ific  re s id ues  in sMMO  th a t can  on ly  re a sonab ly  be 
Rested by s ite  d ire c ted  m u tagenes is . T he  a im  o f th is  th e s is  is to  use  a com b in a tio n  o f 
s ite  d ire c ted  and  random  m u tagene s is  to  s tud y  th e  s tru c tu ra l fe a tu re s  th a t a ffe c t the  
re g io se le c tiv ity  and  sub s tra te  a cce ss  to  th e  ac tive  s ite . S ite  d ire c ted  m u tagene s is  w ill 
b e  used to  p robe  th e  fu n c tio n  o f L e u 1 10 w ith in  sMMO  hyd ro xy la se  a -subun it. By 
se le c ting  spe c ific  re s id ues  loca ted  w ith in  th e  a c tive  s ite  o f s o lu b le  m e thane  
m onoo xygenase  and  m u ta ting  them  to  th e  c o u n te rp a rt re s id ues  o f re la ted  bu tane  
m onooxygenase ; th e  a im  is to  ga in  in s ig h t in to  th e  d iffe re n ce s  in ca ta ly tic  a c tiv ity  
b e tw een  th e se  tw o  enzym es . T h e  fina l o b je c tive  o f th is  th e s is  is to  c re a te  a random  
m u tan t lib ra ry  and sc reen  fo r  a c tiv ity  a g a in s t tr ia rom a tic  c om pounds  in o rd e r to  
unde rs tand  m o re  abou t th e  s tru c tu ra l lim ita tio n s  o f th e  so lu b le  m e thane  
m onoo xygenase  enzym e .
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C hap te r  2: M a te r ia ls  and  M e thods
2.1 B ac te ria l s tra in s  and  g row th  cond itio n s
2 .1 .1 ) B ac te r ia l s tra in s
The  bac te ria l s tra in s  used in th is  p ro je c t w e re  M e th y lo s in u s  tr ic h o s p o r iu m  s tra in s  
O B3b  and  th e  sM M O -ne ga tiv e  s tra in  SMDM  ob ta ined  from  the  cu ltu re  co lle c tio n  o f 
P ro fe sso r J .C .M u rre ll, U n ive rs ity  o f W a rw ick . T he  com m e rc ia lly  a va ila b le  c om pe te n t 
E s c h e r ic h ia  c o l i  s tra in s  S o lo p a ck  go ld , XL-1 and  X L -1 0  w e re  supp lied  by  S tra tagene . 
T he  d o no r s tra in  used  fo r  con juga tio n  w as  E s c h e r ic h ia  c o l i  S17-1 (S im on  e t  a l. 1983)
2 .1 .2 ) G row th  o f  b a c te ria l cu ltu re s
E. c o l i  s tra in s  w e re  cu ltiva ted  in LB o r N u tr ie n t b ro th  No. 2 (O xo id ) liqu id  m ed ia  o r on 
ag a r p la te s  (see  A ppe nd ix  1). Inocu la ted  aga r p la te s  w e re  in cuba ted  a t 37 °C  
ove rn igh t. L iqu id  cu ltu re s  w e re  in cuba ted  in f la sks  a t 37 °C, shak ing  a t 180 rpm  
ove rn igh t.
M s. tr ic h o s p o r iu m  s tra in s  w e re  cu ltiva ted  on n itra te  m ine ra l sa lts  (NM S ) m ed ium  
(see  A ppe nd ix  1) in Q u ik fit fla sks , in 5 litre  ba tch  fe rm e n to r cu ltu re s  and on NMS  
aga r p la tes  us ing  m e thane  as th e  so le  ca rbon  sou rce . NMS  aga r p la te s  w e re  sea led  
in a n ae rob ic  ja rs  con ta in in g  50%  a ir/m e thane . L iqu id  cu ltu re s  w e re  cu ltiv a te d  in 250  
m l Q u ick fit f la sks  w ith  a S ubasea l and 50 m l o f th e  h e adspace  rep la ced  w ith  
m e thane . C u ltu res  w e re  in cuba ted  a t 30 °C  w ith  m e th ane  be ing  rep la ced  e ve ry  3 -5  
days. L iqu id  cu ltu re s  w e re  in cuba ted  w ith  shak ing  a t 180 rpm . A fte r  2 -3  w ee ks  
g row th , b iom ass  w as  usua lly  su ff ic ie n t to  p rodu ce  a pos itive  naph th a le n e  te s t 
in d ica ting  exp ress ion  o f sMMO . P la tes  cou ld  be  s to red  a t 4  °C  fo r  m o re  than  1 m on th  
be fo re  subcu ltu r in g  on to  fre sh  NMS  aga r p la te s . B a tch  fe rm en to r cu ltu re s  w e re  
g row n  in a N ew  B rusnw ick  B io lfo  101 fe rm en to r fitte d  w ith  an a d d itio na l ro tam e te r to
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a llow  s im u lta n e ou s  gass ing  w ith  m e thane  and  a ir. T he  ve sse l o f th e  fe rm e n to r had a 
w o rk in g  vo lum e  o f 5 litres  and con ta ined  NMS  ino cu la ted  w ith  50 -100  m l o f liqu id  
cu ltu re . T he  fe rm e n to r w as  kep t a t 30  °C  and  con s ta n tly  supp lied  w ith  a ir and 
m e thane  a t f low  ra te s  750  m l m in '1 and 55  m l m in '1 re spec tive ly . T he  op tica l d e n s ity  
w as  m easu red  a t 600  nm  us ing  a sp e c tro p h o tom e te r a t re gu la r in te rva ls  to  o b se rve  
g row th  o f th e  cu ltu re . C e lls  ha rves ted  from  the  fe rm en to r w e re  pe lle ted  by 
cen tr ifu g a tio n  fo r  15 m in  a t 12 ,000  x g, w ashed  once  w ith  25  mM  MOPS  (pH  7 .0 ), 1 
mM  benzam id in e  1 mM  d ith io th re ito l (b u ffe r B) and  re suspended  in a m in im um  
am oun t o f b u ffe r B. T he  ce ll w e re  fro zen  d ropw ise  in to  liqu id  n itrogen  and s to red  a t - 
80  °C.
W he re  app rop ria te , a n tib io tic s  w e re  used  a t th e  fo llow in g  w o rk in g  con cen tra tio n s : 
am p ic illin  50 -100  pg m l"1, s tre p tom yc in  20  pg m l'1, spe c tin om yc in  20  pg m l'1 and  
g e n tam ic in  5 pg m l'1.
2 .1 .2 ) G row th  o f  b a c te ria l cu ltu res
A ll chem ica l re agen ts  w e re  supp lied  by S igm a  A ld r ich  and  M e lfo rd  Labs. G ases  
w e re  supp lied  by BOC  and  A ir  liqu ide  (fo rm e rly  S co tt gas).
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2.2  G enera l DNA  m e thods
G ene ra l m e thod s  fo r  DNA  pu rifica tio n , a na lys is  and  c lon ing  w ith  E . c o l i w e re  
pe rfo rm ed  acco rd in g  to  S am b roo k  e t  a l. (1989). R es tr ic tio n  en zym es  w e re  supp lie d  
by N ew  E ng land  B io labs  and P rom ega ; DNA  ligase , p h o spha ta se  and T4  DNA  
po lym e ra se  e n zym es  w e re  supp lie d  by  N ew  E ng land  B io lab s  and m a nu fa c tu re rs ’ 
p ro to co ls  w e re  fo llow ed . Fo r com pos itio n  o f all bu ffe rs  used  fo r  DNA  m an ipu la tio n  
and ana lys is  see  A p p e n d ix  2. Fo r e x tra c tio n  o f sm a lle r am oun ts  o f p la sm id  DNA  (<
50  ng) th e  Q IA p rep  sp in  m in ip rep  k it (Q IAG EN ) w as  used  fo llow in g  th e  
m anu fa c tu re rs  p ro toco l. Fo r la rg e r co n cen tra tio n s  o f DNA  (> 100 ng pi"1) th e  p la sm id  
m axi k it (Q IAG EN ) w as  used .
2 .2 .1 ) Q IA p rep  sp in  p lasm id  m in ip re p  p ro to co l:
Th is  is a m od ifica tio n  o f th e  a lka lin e  lys is  m e thod  o f B irnbo im  and  D o ly  (1 979 ). LB  
m ed ium  (5 m l) p lus  a p p ro p ria te  a n tib io tic s  w as  ino cu la te d  w ith  a s ing le  co lo n y  and  
g row n  o ve rn ig h t a t 37  °C. 1.5 m l o f the  re su lting  c u ltu re  w as  tra n s fe rre d  to  a fre sh  
E ppe nd o rf tu be  and  cen tr ifu ged  a t m ax im um  speed  (16 ,100  *  g) on a b e nch top  
cen tr ifu g e  fo r  30 s to  pe lle t ce lls . T he  pe lle t w as  re suspended  in 250  p i o f P1 
re su spens ion  b u ffe r and 250  pi o f lys is  b u ffe r P2 w as  added . T he  lysa te  w as  m ixed  
by in ve rting  6 tim e s  be fo re  350  p i o f neu tra lisa tio n  b u ffe r N3 w as  added  to  s top  lys is . 
T he  lysa te  w as  inve rted  aga in  and th e  w h ite  p re c ip ita te  con ta in in g  SDS , de na tu re d  
p ro te in s  and ch rom osom a l DNA  w as  pe lle ted  ou t by cen tr ifu g a tio n  fo r  10 m in s  a t 
m ax im um  speed  (16 ,100  *  g) a t 4  °C. T he  supe rn a ta n t  w as  app lied  to  a m in ico lum n  
by cen tr ifu ga tio n  a t m ax im um  speed  fo r  30 s a t 4  °C  and  f low -th ro ugh  d is ca rde d .
T he  co lum n  w as  w ashed  by  add ing  0 .5  m l b ind ing  b u ffe r PB to  th e  co lum n , 
cen tr ifu g ing  a t m ax im um  speed  and flow  th rough  d is ca rde d  as above . T h e  co lum n  
w as  cen tr ifu ged  fo r  a n o th e r m inu te  a t m ax im um  speed  to  rem ove  a ll tra ce s  o f th e  PB 
bu ffe r. T he  co lum n  w as  tra n s fe rre d  to  fre sh  E ppe nd o rf tu be  and th e  DNA  e lu te d  by 
add ing  30 -50  pi s te rile  d is tille d  w a te r (sdFEO) o r 10 mM  T ris -HC I (pH 8 .5 ), a llow ed  to
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s tand  fo r  1 m in  and cen tr ifu g ed  fo r  1 m in  a t 16 ,100  x g . T he  e lu ted  DNA  w as  then  
s to red  a t -20  °C  B u ffe rs  P1, P2, N3 and  PB w e re  sup p lie d  in the  Q iap rep  sp in  
m in ip rep  kit.
2 .2 .2 ) Q iag en  M ax ip rep  k it p lasm id  is o la tio n  p ro to co l
A  fla s k  con ta in in g  500  m l o f fre sh  LB m ed ia  w as  ino cu la ted  w ith  5 m l o ve rn ig h t 
cu ltu re  and incuba ted  o ve rn ig h t a t 37 °C, shak ing  a t 200  rpm . T he  cu ltu re  w as  
cen tr ifu g ed  a t 6 ,000  x g f o r  15 m in  a t 4  °C  and  re su spended  in 10 m l P1 bu ffe r. A n  
equa l am oun t o f P2 b u ffe r w as  added ; th e  con te n ts  o f th e  tu be  w e re  m ixed  by 
in ve rting  6 tim e s  and in cuba ted  fo r  5 m ins  a t room  tem pe ra tu re . T h e  lys is  w a s  
s topped  by add ing  10 m l p re -ch ille d  n e u tra liza tio n  b u ffe r P3 and in ve rting  to  m ix . T h e  
lysa te  w as  in cuba ted  on ice fo r  20  m in  and  pe lle ted  a t > 20 ,000  x g  fo r  30  m in  a t 
4  °C  to  rem ove  th e  w h ite  p re c ip ita te  con ta in in g  SDS, dena tu re d  p ro te in s  and  
ch rom osom a l DNA. T he  c lea red  lysa te  supe rn a ta n t w as  cen tr ifu g ed  as a b o ve  fo r  a 
fu r th e r 15 m in  in a fre sh  tu be  to  rem ove  any  tra ce  p rec ip ita te . A  Q IAG EN -tip  500  
co lum n  w as  eq u ilib ra te d  by  add ing  10 m l e q u ilib ra tio n  b u ffe r Q BT  and a llow ed  to  run  
th ro ugh  by g ra v ity  flow . T he  lysa te  w as  added  app lied  to  th e  co lum n  and th e  co lum n  
w ashed  tw ice  w ith  30  m l b u ffe r QC . T he  DNA  w as  e lu ted  from  the  co lum n  w ith  15 m l 
b u ffe r QF  and p rec ip ita ted  by add ing  10 .5 m l isop ropano l a t room  tem pe ra tu re  and 
cen tr ifu g ing  a t > 20 ,000  x  g fo r  30 m in  a t 4  °C. T h e  DNA  pe lle t w as  w ashed  w ith  5 m l 
70%  e thano l (v/v); a ir  d ried  and  re suspended  in 1 m l 10 mM  T ris -H C I (pH  8 .5 ). 
B u ffe rs  P1, P2, P3, Q B T  QC  and  QF w e re  a ll s u pp lie d  in th e  Q iagen  m ax ip re p  kit.
T o  ob ta in  pu re  DNA  fra gm en ts  fo r  c lon in g  and  DNA  sequenc ing , PCR  fra gm e n ts  and  
d ig es ted  p la sm id  DNA  w e re  run on a 1 %  a g a ro se  ge l and th e  des ired  bands  
exc ised  and  pu rifie d  us ing  a ge l e x tra c tion  kit. Fo r DNA  < 10 kb th e  Q ia q u ic k  ge l 
e x tra c tio n  k it (Q iagen ) w as  used, fo r  DNA  > 10 kb th e  G enec leane  III k it (B IO  101) 
w as  used.
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2 .2 .3 ) Q ia q u ic k  gel e x tra c tio n  p ro to co l
The  des ired  DNA  con ta in in g  band  w as  exc ised  from  an aga ro se  gel us ing  a sca lpe l 
and  ca re fu lly  w e ighed  to  e s tim a te  vo lum e  (1 mg = 1 pi vo l). T he  band  w as  p la ced  in 
an E ppe nd o rf tu be  and  3 vo lum es  o f b u ffe r QG  w e re  added . The  sam p le  w as  
in cuba ted  in a hea t b lo ck  a t 55 °C  fo r  2 -3  m in  till  th e  a g a ro se  had d isso lved  and  then  
1 vo lum e  isop ropano l w as  added . T h e  sam p le  w as  app lied  to  a Q IA qu ic k  sp in  
co lum n  by  cen tr ifu g a tio n  fo r  1 m in  a t m ax  speed  in a bench top  cen tr ifu g e  and  th e  
f low  th ro ugh  d isca rded . T he  sp in  co lum n  w as  w ashed  w ith  750  p i e lu tio n  b u ffe r PE  
and cen trifu g ed  fo r  a fu r th e r m inu te  to  rem ove  las t tra ce s  o f bu ffe r. T h e  DNA  w as  
e lu ted  from  the  co lum n  by add ing  30 -50  p i e lu tio n  b u ffe r EB, s tand ing  fo r  1m in and  
cen tr ifu g ing  a t m ax im um  speed  fo r  1 m in. B u ffe rs  QG  and EB w e re  supp lie d  in th e  
Q iaqu ick  ge l e x tra c tio n  kit.
2 .2 .4 ) G en eC le an  III P ro to co l
The  des ired  band  w as  exc ised  from  the  ag a ro se  ge l and w e ighed  to  e s tim a te  vo lum e  
as above  and 3 vo lum es  o f supp lied  N a l so lu tio n  added . T h e  m ix tu re  w as  hea ted  a t 
55 °C  fo r  5 m in  un til th e  ag a ro se  had d isso lved . 10  p i o f  supp lied  g la s sm ilk  s ilica  
su spens io n  w as  added  to  th e  tube  and m ixed  by p ip e tting  up and  dow n . T h e  sam p le  
w as  in cuba ted  a t room  tem pe ra tu re  fo r  15 m in, in ve rting  e ve ry  2 -3  m in  to  re su spend  
th e  g la ssm ilk . T h e  g la ssm ilk  w as  pe lle ted  by  cen tr ifu g a tio n  a t m ax im um  speed  fo r  5 
s to  pe lle t g la ssm ilk , w ashed  tw ice  w ith  th e  supp lied  N EW  W ash  b u ffe r and  pe lle ted  
as above . T he  p e lle t w a s  hea ted  a t 55 °C  fo r  2 m in  to  rem ove  las t tra ce s  N EW  W ash  
bu ffe r, re suspended  in 20  pi sdhEO , a llow ed  to  s tand  fo r  1 m in  then  cen tr ifu g e d  fo r  
30 s and the  su p e rn a ta n t (con ta in ing  th e  pu rifie d  DNA ) tra n s fe rre d  to  a fre sh  
E ppe nd o rf tu be  and  s to red  a t -20  °C.
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2 .2 .5 ) P h en o l/c h lo ro fo rm /ls o am y l a lc o h o l e x tra c tio n
An  equa l vo lum e  o f b u ffe r sa tu ra ted  pheno l (S igm a ) w as  added  to  th e  DNA - 
con ta in in g  so lu tion  and  vo rte xed  to  m ix . If th e  to ta l vo lum e  o f th e  D N A -con ta in in g  
so lu tion  w as  less than  100 pi then  th e  so lu tion  w as  m ade  up to  100 pi w ith  s te r ile  
d is tille d  w a te r (sdH 20 ) .  T he  laye rs  w e re  sepa ra ted  by  cen tr ifu g a tio n  a t m ax im um  
speed  in a bench top  cen tr ifu g e  fo r  1 m in  and  th e  u p pe r a queous  phase  rem oved  to  a 
sepa ra te  E ppendo rf tube . A n  equa l vo lum e  o f s dH 20  w as  added  to  th e  pheno l 
so lu tio n  and th e  uppe r aqueous  phase  re ta ined  as above . T he  aqueous  p hases  w e re  
com b ined  and  an equa l am oun t o f CHC Isdsoam yl a lco ho l (24:1 v /v ) added . T he  
sam p le  w as  vo rte xed  b r ie fly  to  m ix  and  cen trifuged  as above  re ta in ing  th e  u p pe r 
aqueous  phase . A  0.1 vo lum e  o f 3 M sod ium  a ce ta te  (pH  5 .5 ) and 3 vo lum es  ice 
co ld  e thano l w e re  added  to  th e  aqueous  phase . T h e  so lu tio n  w as  m ixed  ca re fu lly  
and in cuba ted  o ve rn ig h t a t -20  °C  o r fo r  1 h a t -70  °C. T he  sam p le  w as  cen tr ifu g ed  a t 
4  °C  a t m ax im um  speed  us ing  a bench  to p  cen tr ifu g e  fo r  30 m in  and  th e  DNA  pe lle t 
w as  w ashed  w ith  50  pi ice co ld  70  % e th ano l to  rem ove  e xce ss  sa lts . T he  tu b e  w as  
cen tr ifu ged  a t 4  °C  a t m ax im um  speed  fo r  15 m in  and  th e  70%  e th ano l w as  
asp ira ted  us ing  a sm a ll p ip e tte  and  d isca rded . T he  re su lting  DNA  pe lle t w as  a ir 
d ried  fo r  15 m in  be fo re  be ing  re suspended  in e ith e r s dH 20  o r 10 mM  T ris -H C I 
(pH 8 .5 ) and  s to red  a t -20 °C .
2 .2 .6 ) E le c tro p h o re s is  o f D NA
W he re  necessa ry , DNA  w as  ana lysed  and v isua lize d  by runn ing  on ag a ro se  g e ls  in 
TAE  bu ffe r (40  mM  T r is -a ce ta te  10 mM  EDTA ) con ta in in g  0 .5  pg m l'1 e th id ium  
b rom ide  run a t 90 -110  V  fo r  30 -50  m in  and v iew ed  u n de r a UV  light. S epa ra tio n  o f 
ge l fra gm en ts  < 500  bp w as  ca rried  ou t us ing  1.5 % a ga ro se  ge ls  (w t/vo l), a ll o th e r 
se p a ra tio n s  w e re  ca rried  ou t us ing  1 % aga ro se  (w t/vo l).
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2 .2 .7 ) R es tr ic tio n  d ig e s t
R es tr ic tio n  d ig e s ts  w e re  se t up in a 50  pi reac tion  vo lum e  con ta in in g  DNA  and  the  
app ro p ria te  re s tric tion  en zym es  (1 -10  un its ), 1 *  e n zym e  bu ffe r and 1 pi BSA . T he  
reac tion  w as  in cuba ted  fo r be tw een  1 and  4 hou rs  in a w a te rb a th  a t th e  tem pe ra tu re  
re comm ended  by th e  en zym e  supp lie rs , u sua lly  37 °C.
2 .2 .8 ) P h o sph a ta se
The  ends  o f d ig es ted  ve c to r DNA  w e re  d e -p h o spho ry la te d  us ing  c a lf in te s tin a l 
a lka lin e  pho spha ta se  (C IP ) o r A n ta rc tic  a lka lin e  pho spha ta se  (AP ) (N ew  E ng land  
B io labs) to  p re ven t se lf- lig a tion . D iges ted  DNA  fra gm en ts  w e re  e ith e r hea ted  to  
ina c tiva te  re s tric tion  e n zym es  and  used d ire c tly  o r pu rified  from  a ge l p r io r to  
depho spho ry la tio n . 50 pi reac tion  vo lum es  w e re  se t up con ta in in g  1 un it (< 100 ng 
DNA ) o r 10 un its  (> 100 ng DNA ) a lka lin e  p h o spha ta se  and 1 x p h o sph a ta se  bu ffe r. 
T he  reac tion  m ix  w as  in cuba ted  a t 37  °C fo r  30 m in.  W he re  C IP  w as  used  th e  DNA  
w as  fu r th e r pu rified  by  G enec lean  III o r Q iagen  ge l pu rifica tio n  fit to  rem ove  th e  
phospha ta se . W hen  AP  w as  used  th e  pho spha ta se  w as  ina c tiva ted  by  hea tin g  a t 
65  °C fo r  5 m in .
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2 .2 .9 ) End  fillin g  w ith  T 4  D NA  p o lym e ra s e
Filling o f DNA  cohes ive  ends  to  c re a te  b lu n t ends  w as  ca rried  ou t us ing  T4  DNA  
p o lym e ra se  (P rom ega ). T he  reac tion  w as  se t up in 50 pi v o lum e  con ta in in g  < 2 pg 
DNA, 1 x T 4  po lym e ra se  bu ffe r, 100 pM  dN TPS  (25 pM  o f each  dN TP ) (In v itro gen ) 
and 5 un its  o f T 4  DNA  po lym e ra se . T h e  re ac tion  m ix  w as  in cuba ted  a t 37 °C  fo r  5 
m in and th e  reac tion  s topped  by in cuba tin g  a t 75  °C  fo r  10 m in . T 4  p o lym e ra se  
b u ffe r w as  (1 0 * )  w as  supp lie d  by  P rom ega  and d ilu ted  a cco rd in g  to  the  
m a nu fa c tu re r ’s in s tru c tion s .
2 .2 .1 0 ) D NA  lig ase
T4  DNA  ligase  w as  used  to  jo in  cohes ive  ends  o f DNA. W hen  inse rting  DNA  in to  a 
d ig es ted  p la sm id  vec to r, th e  ra tio  m o la r con cen tra tio n  o f DNA  w as  1:1 o r  3:1 
(in se rt:ve c to r). T he  reac tion  w as  ca rried  o u t in a 50 pi v o lum e  con ta in in g  1 *  ligase  
bu ffe r (con ta in ing  A TP ) and  1 pi co n cen tra te d  T4  ligase  so lu tion . T he  reac tion  w as  
in cuba ted  fo r  60  - 90 m in  a t 16 °C  o r in cuba ted  o ve rn ig h t a t 4  °C. T h e  e n zym e  w as  
then  ina c tiva ted  by hea ting  to  65  °C  fo r  20  m in. T h e  T4  lig ase  b u ffe r (1 0 * )  w as  
supp lied  by  N ew  E ng land  B io lab s  and  d ilu ted  acco rd in g  to  th e  m a nu fa c tu re r ’s 
in s truc tions .
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2 .3  T em p la te  p repa ra tio n  and  am p lif ic a tio n  cond itio n s  fo r  PCR
2.3 .1 ) Cu ltu re  tem p la te  p repara tion
This is a method o f extracting DNA  from  a culture o f bacterial cells for use as a  
temp late  for PCR  amplification. An Eppendorf tube containing 1 - 1 . 5  ml liquid culture  
was centrifuged for 1 min at m aximum  speed  in a benchtop centrifuge to pelle t the  
cells. The  pelle t w as washed  once with 50  jul sdH20 ,  centrifuged for 1 min and  
resuspended in 30  pi sdH20 .  Th e  cell suspension was boiled at 100  °C for 10 min  
then centrifuged for 10 min at m axim um  speed  and 1 - 5 pi o f the resulting  
supernatant was used as the DNA -conta ining  tem pla te  fo r PCR .
2 .3 .2 ) C o lony  tem p la te  p repara tion
A  small am ount o f cell b iomass was removed from  a colony o f E. coli using a  sterile  
toothpick, resuspended in 20  pi sdH20  and used as DNA  templa te  fo r PCR .
2.3 .3 ) G enom ic  DNA  iso la tion  using  Q iagen  genom ic  tip  k it
An Eppendorf tube containing 1 ml liquid culture (O D 6oo: 0 . 5 - 1 )  was centrifuged at 
5000  x g for 5 min to pellet cells. T h e  pellet w as resuspended in 1 ml buffer B1 by  
vortexing and 20  pi lysozyme (1 00  mg m l'1) and 45  pi P ro te inase K (2 0  mg ml"1) 
added . Th e  reaction mix was incubated at 37  °C  for 30  min, 0 .35  ml buffer B2 added  
and the m ixture w as  incubated at 50  °C  for 30  min. A  genom ic tip 20  column w as  
equilibrated with 2  ml Q B T  buffer and allowed to flow  through by gravity. T h e  lysed  
cell-containing samp le  was added  to the column and washed  with 3 x 1 ml Q iagen  
QC  buffer. T h e  genom ic DNA  w as  e lu ted using 2  x 1 ml Q iagen  Q F  buffer and  
precipitated by adding 1 .4  ml isopropanol at room tem peratu re  and centrifuged at  
8000  x g  fo r 20  min at 4  °C  to pellet the  DNA . The  pellet w a s washed  with 7 0  %  
Ethanol, centrifuged at 8 000  x g  for 10 min at 4  °C  and allowed to air dry for 10  mi n. 
The  pellet w as resuspended in 50  -  100 pi 10 mM  Tris-C I, pH  8 .5  and p laced in 
shaker at 30  °C  overnight to dissolve (or 55  °C  for  1 - 2  h). Buffers B 1 , B2, QBT , Q C
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and QF w e re  m ade  acco rd in g  to  the  m a nu fa c tu re r ’s in s tru c tion s  (see  A ppend ix ). 
P ro te in a se  K so lu tio n  (20 mg m l"1) w as  supp lie d  by Q iagen .
2 .3 .4 ) S tan d a rd  PCR  P ro to co l
T a q  p o lym e ra se  (In v itro gen ) o r P fu T u rbo  (S tra tagene ) p roo fread ing  p o lym e ra se  w as  
used  fo r  PCR  reac tions . P rim e r m e ltin g  tem pe ra tu re s  Tm  w e re  e s tim a te d  us ing : 
Tm (°C ) =  2 (Na + N t ) +  4 (N G + N c) w he re  NA, NT, Nc and NG a re  th e  n um be r o f 
a denos ine , th ym ine , cy to s in e  and  guan in e  bases  p re sen t re spec tive ly .
T he  reac tion  m ix  w as  in cuba ted  a t 95  °C  fo r  2 m in  t o  dena tu re  th e  DNA . T h e  DNA  
w as  am p lifie d  by 30 -35  cyc le s  of: 95  °C  fo r  30  s k b '1; (Tm  -  5 °C ) fo r  30 s k b '1; 72  °C  
fo r  1 m in  k b '1. T h e  fin a l am p lific a tio n  s tep  w as  hea ting  a t 72  °C  fo r  10 m in  and  then  
th e  tem pe ra tu re  he ld a t 4  °C. Fo r PCR  reac tion s  us i ng  co lo n y  tem p la te  o r cu ltu re  
tem p la te  35 cyc le s  w as  used .
PCR  Se tup :
e dN TP s  (25 mM  each  dN TP ) 0 .5  pi
© 10 x bu ffe r 5 pi
G p rim e r 1 (1 00 -200  ng) 1 pi
Q p r im e r 2 (1 00 -200  ng) 1 pi
G DNA  tem p la te 1 - 5 pi
© T a q  p o lym e ra se  o r P fu  tu rbo 1 pi
Q 50  mM  M gC I2 (no t added  fo r  P fu  T u rbo ) 2 pi
© BSA  (co lony  and cu ltu re  tem p la te  on ly ) 1 pi
Q sdH 2Q up to  50 pi
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2 .3 .5 ) F o u r -p r im e r  o v e r la p  e x ten s io n  PCR
P I P3
P 4
Fig. 2.1 D ia g ram  show ing  th e  c re a tio n  o f  s ite  d ire c te d  m u ta n ts  by  th e  fo u r  p r im e r o ve r la p  PCR  
m e thod  (H o  e t  a l. 1989). P r im e rs  P1 and  P4 b ind  the  e x te rn a l e n d s  o f the  D N A  s e q u e n ce  to  
be  am p lif ie d . In te rn a l p r im e rs  P2 and  P3 a re  c om p lem e n ta ry  to  e a ch  o th e r and  co n ta in  the  
de s ire d  m u ta tio n . D N A  fra gm e n t A B  u p s tre am  o f the  d e s ire d  m u ta tio n  is am p lif ie d  us ing  
p rim e rs  P1 and  P2. D N A  fra gm e n t CD  d ow n s tre am  o f th e  d e s ire d  m u ta tio n  is am p lif ie d  us ing  
p r im e rs  P3 and  P4. F ra gm en ts  A B  and  CD  b ind  fo rm  a c om p le te  tem p la te  w h ich  is am p lif ie d  
by p rim e rs  P1 and  P4.
Th is  te ch n iq u e  uses  tw o  in te rna l c om p lem en ta ry  p r im e rs  con ta in in g  a de s ired  
m u ta tion  to  c rea te  ups tream  and dow ns tre am  DNA  w ith  com p lem en ta ry  e n d s  (F ig .
2 .1 ). T h e se  b ind  and fo rm  the  tem p la te  DNA  fo r  su b se q u e n t am p lific a tio n  cyc le s . 
U ps tream  and dow ns tre am  com p lem en ta ry  DNA  tem p la te  fra gm en ts  w e re  am p lif ie d  
us ing  s tanda rd  PCR  cond itio n s  as above  and pu rifie d  by ge l e x tra c tio n . T h e  tem p la te  
fra gm en ts  w e re  m ixed  in e q u im o la r am oun ts  w ith  th e  re s t o f th e  PCR  c om pon e n ts  as 
above , om itting  p rim e rs  and  po lym e rase . T h e  reac tio n  w as  hea ted  to  96  °C  fo r  2 m in  
to  a llow  DNA  to  dena tu re  and  then  coo led  s low ly  to  a llow  com p lem en ta ry  e n d s  to  
annea l. T he  po lym e ra se  w as  added , m ixed  and hea ted  to  72 °C  fo r  2 m in. T h e  
ex te rna l p r im e rs  w e re  added  and  PCR  the rm a l cyc ling  w as  con tin ued  u n de r no rm a l 
con d itio n s  fo r  30 cyc les  as  above .
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2 .3 .6 ) E rro r  P ro ne  PCR  random  m u tag en es is
T aq  p o lym e ra se  w as  chosen  fo r  th e  e rro r p rone  PCR  te ch n iq u e  due  to  its in tr in s ic  
h igh e rro r ra te  (T inda ll and  K unke l, 1988). T he  reac tion  cond itio n s  w e re  se t up be low  
to  fa vo u r low  fid e lity  o f the  e n zym e  and in co rpo ra tio n  o f m ism a tche s  in to
am p lific a tio n  o f the  DNA  tem p la te .
E rro r-p ro n e  PCR  se tup :
•  DNA  tem p la te  (8 0ng /p l) 1pl
100 mM  dC TP  0 .5p l
100 mM  dTTP  0 .5p l
10 mM  dA TP  1pl
10 mM  dG TP  1pl
•  10 x T aq  p o lym e ra se  bu ffe r 5p l
•  p r im e r 1 (100 -200  ng) 1pl
•  p r im e r 2 (1 00 -200  ng) 1pl
•  T a q  p o lym e ra se  1pl
•  50 mM  M gC b  7p l
•  50 mM  M nC b  0 .5p l
BSA  1pl
•  sdH 20  up to  50p l
The  reac tion  fo llow s  no rm a l PCR  cond itio n s  (se c tion  2 .3 .4 ) fo r  30 cyc le s .
2 .3 .7 ) G en em o rp h  random  m u tag en es is  k it
E rro r p rone  PCR  w as  a lso  ca rried  ou t using th e  G enem o rph  II ra ndom  m u ta ge ne s is  
k it (S tra tagene ) w ith  M u ta zym e  II po lym e ra se  enzym e . The  e rro r ra te  o f the  
M u ta zym e  II is a lte red  by  d iffe ren t co n cen tra tio n s  o f ta rg e t DNA. To  m a in ta in  a low  
e rro r ra te  500 -1000  ng ta rg e t DNA  w as  used  w ith  1 x M u ta zym e  II bu ffe r, d N T P ’s, 
p r im e rs  and p o lym e ra se  as in the  P fu  tu rb o  s tanda rd  PCR  se tu p  (om ittin g  a d d itio n a l 
M gC I2) and  am p lifie d  by 30 PCR  cyc le s  as above .
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2 .4  P lasm ids  used  in th is  s tudy :
P la sm id R e fe re n ce
pT JS 140 B ro a d -h o s t- ra n g e  c lo n in g  ve c to r, 7 .5  kb; M ob , A p r S p r 
S m r la c Z ’
Sm ith  e t  a l. 2 002
pT JS 175 M e th ano tro p h  e xp re s s io n  ve c to r, pT JS 140  co n ta in in g  
10.1 kb  in se rt in c lu d in g  th e  sM M O  ope ron . A p r S p r S m r
Sm ith  e t  a l. 2 0 0 2
pT JS 176 C lon in g  v e c to r  c o n ta in in g  10.1 kb K p n I in se rt in c lu d in g  
th e  sM M O  ope ron  A p r.
Sm ith  e t  a l. 2 0 0 2
pTN1 pT JS 140  w ith  A/c/el s ite  and  o ne  B am H I s ite  rem oved , 
A p r S p r S m r
T h is  s tu d y
pTN 2 pT JS 140  w ith  a ll B am H I and  N d e \  s ite s  rem oved , A p r 
S p r S m r
T h is  s tu d y
pT 2M L New  m e th a n o tro p h  e xp re s s io n  ve c to r, pTN 2  co n ta in in g  
9 .6  kb  k p n \  in se rt in c lu d in g  sM M O  ope ro n  w ith  500  bp 
d e le tio n  o f  m m o X  gene , A p r S p r S m r
T h is  s tu d y
2 .4 .1 ) B lu e /W h ite  s e le c tio n
C lon ing  e xp e rim en ts  us ing  p la sm id s  con ta in in g  a un ique  re s tric tio n  s ite  w ith in  a 
fu n c tio n a l la c Z  gene  w e re  sc re ened  fo r  su cce ss fu l lig a tio n s  by  b lu e /w h ite  se le c tio n . 
T he  la c Z ’ gene  a llow s  e xp re ss io n  o f p -g a la c to s id a s e  w ith in  an a p p ro p ria te  hos t 
s tra in . In th e  p re sen ce  o f th e  ch rom ogen ic  sub s tra te  5 -b rom o -4 -ch lo ro -3 - in o d ly l-p -D - 
ga la c to p y ra n o s id e  (X -ga l) and  induced  by is o p ro p y l-1 -th io -p -D -g a la c to p y ra n o s id e  
(IP TG ), p -g a la c to s id a s e  e xp re ss in g  co lo n ie s  fo rm  th e  co lou red  p ro du c t ind igo . 
S uccess fu l c lon in g  in to  th e  la c Z  gene  re su lts  in no p -g a la c to s id a s e  be ing  p ro du ced  
and  co lo n ie s  a re  w h ite  in co lou r. T he  tra n s fo rm an ts  w e re  p la ted  on LB ag a r 
con ta in in g  80  pg m l"1 X -ga l and  20  mM  IPTG .
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2 .5  P repa ra tio n  o f E. coli c om pe ten t ce lls
2 .5 .1 ) C aC I2 ce ll p rep a ra tio n  m e thod
Th is  m e thod  w as  adap ted  from  th a t o f Sam b roo k  e t  a l. (1989 ). LB (2 m l) w as  
in nocu la ted  w ith  a fre sh  s ing le  co lo n y  from  an E. c o l i cu ltu re  p la te  and  in cuba ted  
o ve rn ig h t a t 37 °C. T he  cu ltu re  w as  d ilu ted  50 fo ld  w ith  LB  + M gC I2 [10  mM ], M g S 0 4 
[10  mM ] (up to  100 m l fina l vo lum e ) and  in cuba ted  a t 37 °C  w ith  sha k ing  a t 200  rpm  
un til the  cu ltu re  re ached  an O D 6ooof 0 .5  - 0 .6 (m id  log phase ). T he  ce lls  w e re  
pe lle ted  by  cen tr ifu g a tio n  a t 5000  x g  fo r  10 m in  (4 °C ), w ashed  in 25  m l ice co ld 
f ilte r  s te rilized  0.1 M M gC I2 and  pe lle ted  by cen tr ifu g a tio n  as above . T h e  ce lls  w e re  
w ashed  in 5 m l f ilte r  s te rilized  C aC I2, pe lle ted  aga in  and  re suspended  in 5 m l 0.1 M 
MOPS , 50 mM  C aC I2, 20  % g lyce ro l. T he  ce lls  w e re  d rop  fro zen  in 200  pi a liq u o ts  in 
liqu id  n itrogen  and s to red  a t -80  °C. U s ing  th is  m e thod  ce lls  can  be s to red  fo r  se ve ra l 
yea rs .
2 .5 .2 ) T ra n s fo rm a tio n  o f  C aC I2 c om p e te n t ce lls
An  a liq uo t o f 200  pi o f com pe te n t ce lls  w as  thaw ed  on ice and  1-5 pi D NA  w as  
added . T he  ce lls  w e re  in cuba ted  on ice fo r  30 m in  then  hea t shocked  in a w a te rb a th  
a t 42  °C fo r  90 s. T h e  ce lls  w e re  incuba ted  on ice fo r  a fu r th e r  2 m in  and  LB o r SO C  
m ed ia  w as  added  up to  1 m l. T he  ce lls  w e re  in cuba ted  a t 37  °C  w ith  sha k ing  a t 2 00  
rpm  fo r 1 h and then  p la ted  on LB p la tes  con ta in in g  th e  a p p ro p ria te  a n tib io tic . W hen  
us ing  com m e rc ia lly  a va ila b le  com pe te n t ce lls  such  as S o lo p a ck  go ld  u ltra com pe te n t 
ce lls  (S tra tagene ) th e  s u p p lie rs ’ tra n s fo rm a tio n  p ro to co ls  w e re  used.
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2 .5 .3 ) P re p a ra tio n  o f  e le c tro c om p e te n t ce lls
LB (5 m l) w as  ino cu la ted  w ith  a fre sh  s ing le  co lo n y  o f E. c o l i  and in cuba ted  a t 37  °C  
ove rn igh t. T he  cu ltu re  w as  d ilu ted  100-fo ld  up to  500  m l w ith  fre sh  LB m ed ium  and 
in cuba ted  a t 37 °C w ith  shak ing  a t 220  rpm  un til th e  cu ltu re  had reached  an  O D 60o o f 
a p p ro x im a te ly  0 .5 -0 .7 . T he  cu ltu re  w as  in cuba ted  on ice fo r  20  m in, tra n s fe rre d  to  a 
p re  ch illed  cen tr ifu g e  bo ttle  and  cen tr ifu ged  a t 4 000  x g fo r  15 m in  a t 4  °C. T h e  pe lle t 
w as  w ashed  in 500  m l ice -co ld  10 % (vo l/vo l) g lyce ro l and pe lle ted  as above . T he  
pe lle t w as  fu r th e r w ashed  w ith  250  m l ice -co ld  10 % g lyce ro l, cen tr ifu g ed  as  above  
and w ashed  w ith  20  m l ice -co ld  10 % g lyce ro l. T he  ce lls  w e re  cen tr ifu ged  aga in  and  
th e  pe lle t re suspended  in 1 m l 10 % g lyce ro l and  d rop  fro zen  in 50  pi a liq u o ts  in 
liqu id  n itrogen .
2 .5 .4 ) E le c tro p o ra tio n  o f  E.coli
A ll ce lls , DNA  and e le c tro p o ra tio n  cu ve tte s  w e re  kep t on ice a t all t im es . A  50  pi 
a liq uo t o f e le c tro com pe te n t E. c o l i w as  th aw ed  on ice and  100 -  300  ng DNA  added  
in < 5 pi vo lum e . T he  ce lls  and DNA  w e re  tra n s fe rre d  to  a B io -R ad  e le c tro p o ra tio n  
cu ve tte  (0.1 cm  gap  w id th ) and  e le c tro p o ra te d  us ing  a B io -R ad  M ic ro p u lse r us ing  
p rog ram  Ec 1 (1 .8  kV ). LB o r SOC  m ed ium  w as  added  up to  1 m l, and then  th e  ce ll 
su spens io n  w as  tra n s fe rre d  to  an E ppe nd o rf tu b e  and  in cuba ted  a t 37  °C , w ith  
shak ing  a t 220  rpm  fo r  60  m in. 100 pi o f th e  ce ll s u sp ens io n  w e re  sp read  on  LB -a g a r 
p la te s  con ta in in g  th e  a p p rop ria te  a n tib io tic  and  in cuba ted  a t 37 °C  ove rn ig h t.
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2 .5 .5 ) H an ah an  tra n s fo rm a tio n  m e thod
Th is  m e thod  w as  adap ted  from  th a t o f  H anahan  (1983 ). SOB  m ed ium  (10 m l) w as  
ino cu la ted  w ith  a fre sh  s ing le  co lo n y  o f E. c o l i  and  in cuba ted  a t 37 °C  sha k ing  a t 180 
rpm  till an op tica l d ens ity  a t 550  nm  (O D 550) o f  be tw een  0 .5  and 0 .6  w as  reached .
The  cu ltu re  w as  in cuba ted  on ice fo r  10 m in  then  pe lle ted  by cen tr ifu g a tio n  a t 1000  x 
g (4 °C ) fo r  12 m in. T he  p e lle t w as  re suspended  in 3  m l o f ice -co ld  TFB  B u ffe r and  
in cuba ted  on ice fo r  10 m in. T he  ce ll su spens io n  w as  pe lle ted  aga in  by ce n tr ifu g a tio n  
a t 1000  x g (4 °C ) fo r  12 m in  and  re suspended  in 800  pi ice co ld  TFB . 28  pi o f D nD  
S o lu tio n  w as  added  and th e  ce ll su spens io n  in cuba ted  on ice fo r  10 m in . A n  
a d d itio n a l 28  pi o f  DnD  S o lu tio n  w as  added  and  th e  ce ll s u spens io n  w as  in cuba ted  
on  ice fo r  a fu r th e r 15 m in. A  200  pi a liq u o t o f ce ll s u sp en s io n  w as  tra n s fe rre d  to  a 
p re -ch ille d  15 m l Fa lcon  tu b e  and  10 pi v e c to r DNA  (up to  100ng ) w as  added . T h e  
ce ll s u spens io n  w as  in cuba ted  on  ice fo r  20  m in, hea t shocked  a t 42°C  fo r  90  s and  
in cuba ted  on ice fo r  a fu r th e r 2 m in. SOC  m ed ium  (800  p i) w as  added  be fo re  
in cuba tio n  a t 37 °C  fo r  1 h. LB  b ro th  con ta in in g  am p ic illin  [50  pg /m l] w a s  ad ded  up  to  
10 m l and cu ltu re  w as  in cuba ted  o ve rn ig h t a t 37°C . T h is  o ve rn ig h t cu ltu re  w as  th e n  
used  fo r  c on juga tio n  w ith  M s. tr ic h o s p o r iu m  SM DM  (see  sec tio n  2 .6 .1 )
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2.6  In tro duc tio n  o f DNA  in to  Ms. trichosporium by c o n ju g a tio n .
For exp re ss io n  o f re com b in an t sM M O  w ith in  a hom o lo gou s  hos t th e  e xp re ss io n  
v e c to r w as  tra n s fo rm ed  in to  the  con ju ga tive  E. c o l i  s tra in  S17-1 (S im on  e t  a l. 1983) 
and  tra n s fe rred  to  a m u tan t sM M O  nega tive  m e thano troph  rec ip ien t, SM DM  
(B o rod ina  e t  a l. 2006). T he  Ms. t r ic h o s p o r iu m  SMDM  s tra in  has a ll th e  sM M O  ope ron  
e xcep t 3 ’ po rtion  o f m m oC  de le ted  and  rep laced  w ith  a G en tR casse tte .
2 .6 .1 ) C o n ju g a tio n  p ro to co l
A  10 m l o ve rn ig h t cu ltu re  o f E .c o li S17-1 con ta in in g  th e  des ired  p la sm id  w as  m ixed  
w ith  50  m l M s . tr ic h o s p o r iu m  SMDM  (O D 60o ~0 .5 ) and  pe lle ted  by c e n tr ifu g a tio n  a t 
5000  x g  fo r  10 m in. T he  ce lls  w e re  re suspended  in 50  m l s te rile  NMS  and  co lle c ted  
on to  a s te r ile  n itro ce llu lo se  f ilte r  (0 .2  pM  po re  size ). T h e  filte r  pape r w as  tra n s fe rre d  
to  NMS  aga r p la te s  con ta in in g  0 .02  % p ro teo se  pep tone  (w /v) and  in cu ba te d  a t 
30 °C fo r  24  h in a sea led  con ta in e r w ith  50  % a ir / m e thane . T he  f ilte r  p a pe r w as  
b r ie fly  vo rte xed  w ith  10 m l NMS  to  re suspend  th e  ce lls  and  cen tr ifu ged  as  above .
The  ce lls  w e re  re suspended  in 1 m l NMS , p la ted  in 100 pi a liq uo ts  o n to  NM S  + 
s tre p tom yc in  [20  pg m l'1] and  in cuba ted  a t 30 °C  in  50  % a ir /m e th ane  fo r  1 . 5 - 2  
w eeks  un til m e thano troph  co lo n ie s  w e re  c le a rly  v is ib le . Ind iv idua l co lo n ie s  w e re  
sub cu ltu red  on to  fre sh  NMS  aga r con ta in in g  g en tam ic in , s tre p tom yc in , 
spe c tin om yc in  and na lid ix ic  ac id  [20  pg m l'1] un til pu re  co lo n ie s  fre e  o f E . c o l i  g row th  
w e re  seen . N a ld ix ic  ac id  w as  used be cause  it in h ib its  th e  g row th  o f th e  E. co li,  
g e n tam ic in  w as  used  to  m a in ta in  the  a n tib io tic  ca sse tte  w ith in  th e  SMDM  
ch rom osom e , and s tre p tom yc in  and  spe c tin om yc in  w e re  used  to  m a in ta in  th e  
e xp re ss io n  vec to r. P u re  m e thano troph  co lo n ie s  fre e  o f E. c o l i w e re  a sse ssed  by 
p la ting  on to  nu trien t agar.
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2 .7  P ro te in  q u an tific a tio n  and  v isu a lis a tio n
2 .7 .1 ) P ro te in  e s tim a tio n  v ia  th e  B rad fo rd  a s say
P ro te in  s ta n da rd s  w e re  p repa red  by add ing  va ry ing  am oun ts  o f BSA  to  1 m l M OPS  
[25  mM ] (pH  7 .0 ). 100 pi o f p ro te in  sam p le  w as  added  to  3 m l B rad fo rd  re agen t a t 
room  tem pe ra tu re  and in cuba ted  fo r  5 m in. T he  in c rease  in a b so rb ance  re la tive  to  a 
no -p ro te in  con tro l w as  m easu red  a t 595  nm  us ing  a Je nw ay  6715  U V /V is  
sp e c tro p h o tom e te r and p ro te in  con cen tra tio n  e s tim a ted  from  com pa riso n  a g a in s t a 
p ro te in  s tanda rd  cu rve . W hen  the  A 595 > 1, p ro te in  sam p le s  w e re  d ilu ted  1:10 o r 1 :20 
to  g ive  re lia b le  read ings .
2 .7 .2 ) SD S  PAGE
C om pos itio n  o f a ll ge ls  bu ffe rs  and  so lu tio n s  can  be fo und  in A p pe nd ix  3. A  10 m l 12 % 
a c ry lam ide  re so lv ing  ge l m ix tu re  w as  p repa red  add ing  am m on ium  pe rsu lfa te  (A PS ) 
so lu tio n  and te tram e th y le th y le n ed iam in e  (TEM ED ) las t and  o ve rla y in g  w ith  700  pi 
e th ano l o r isop ropano l. T he  ge l w as  a llow ed  to  se t fo r  30 m in  be fo re  th e  e th an o l w as  
w ashed  off. T h e  5 % a c ry lam ide  s ta ck ing  ge l m ix tu re  w as  ove rla id  w ith  com b  
in se rted  and a llow ed  to  se t. A n  equa l am oun t o f sam p le  b u ffe r w as  added  to  each  
p ro te in  sam p le  and  bo iled  fo r  10 m in. T he  sam p le s  w e re  loaded  on to  th e  ge l and  run  
a t 130 V  fo r  1 h o r un til th e  dye  fro n t had reached  th e  bo ttom  o f th e  ge l. T h e  ge l w a s  
subm e rged  in 0.1 % C oom ass ie  s ta in  so lu tion , s low ly  sha k ing  a t room  tem pe ra tu re  
fo r  40  m in. T he  s ta in  w as  w ashed  o ff and ge l subm e rged  in de s ta in  so lu tio n  (30  % 
m e thano l, 10 % g la c ia l a ce tic  ac id ) fo r  40  m in  to  re vea l p ro te in  bands.
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2.8  C e ll p repa ra tion  and  su b s tra te  o x id a tion  assays
2 .8 .1 ) W ho le  ce ll a s says
D rop  fro zen  ce lls  w e re  re suspended  in 25  mM  MOPS  bu ffe r (pH  7 .0 ) to  an O D 6oo: 
5 -10 . S od ium  fo rm a te  w as  added  [5 mM ] to  p rov ide  an e xcess  o f reduc ing  
e q u iva le n ts  fo r  th e  sMMO . A na ly s is  o f a rom a tic  su b s tra te s  w as  ca rried  o u t us ing  
w ho le  ce lls  as th e se  com pounds  do  no t se rve  as a sub s tra te  fo r  th e  pa rtic u la te  
m e thane  m onooxygenase . A lip h a tic  com pounds  can se rve  as  a sub s tra te  fo r  pM M O  
and so w e re  a ssayed  us ing  ce ll fre e  e x tra c t w he re  th e  pM MO -con ta in in g  ce ll 
m em b ra ne s  have  been  rem oved  (see  be low ).
2 .8 .2 ) S o lu b le  e x tra c t p rep a ra tio n
D rop  fro zen  ce lls  w e re  w ashed  once  w ith  25  mM  M OPS  bu ffe r + 1 mM  benzam id in e , 
1 mM  d ith io th re ito l (DTT ), 1 mM  DN ase  and  re suspended  in a m in im um  vo lum e  o f 
th e  sam e  bu ffe r. O nce  ce lls  w e re  thaw ed  th e y  w e re  kep t on ice a t a ll t im es . T h e  ce lls  
w e re  b roken  e ith e r by  3 passages  th rough  a F rench  ce ll p ress  (T he rm o ) a t 2 0 ,0 0 0  
m Pa  o r fo r  sm a lle r am oun ts  (< 5 m l) us ing  a S on ics  v ib ra ce ll VO X  750  s o n ic a to r  on 
ice us ing  10 x 30  s bu rs ts  a t 40%  am p litu de  w ith  30  s on  ice be tw een  each  b u rs t to  
a llow  coo lin g . T he  ce lls  w e re  cen tr ifu g ed  in p re -ch ille d  O aken rid ge  tu b e s  a t 1 0 ,000  *  
g  fo r  5 m in  to  rem ove  the  m a jo rity  o f th e  ce ll deb ris . T h e  su p e rn a ta n t w a s  th en  
tra n s fe rre d  to  u ltra cen tr ifu ge  tu b e s  and cen trifu ged  fo r  90  m in  a t 5 0 ,000  x g  a t 4  °C. 
T he  so lu b le  e x tra c t w as  a liquo ted  in to  p re  ch illed  E ppe nd o rf tu b e s  be fo re  be ing  d rop  
fro zen  in liqu id  n itrogen  and s to red  a t -80  °C. Fo r  so lu b le  e x tra c t assays , a liq u o ts  o f 
so lu b le  e x tra c t w e re  thaw ed  and used im m ed ia te ly .
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2 .8 .3 ) C o lo r im e tr ic  n a p h th a le n e  o x id a tio n  a s say
The  naph th a le n e  ox ida tion  a ssa y  w as  ca rried  ou t in ce ll su spens io n  and on p la te s . A  
few  c rys ta ls  o f n aph th a le n e  w e re  added  e ith e r d ire c tly  to  th e  reac tion  m ix tu re  o r on 
th e  lid o f in ve rted  fre sh ly  g row n  p la te s . T he  ce lls  w e re  incuba ted  fo r  1 h a t 30 °C  and  
naph tho l p roduc ts  v isua lize d  by  add ing  te tra zo tize d  o -d ia n is id in e  (TOD ) re agen t 
so lu tio n  [0 .5  mg m l"1] w h ich  fo rm s  a p in k  -  pu rp le  d ia zo  dye  com p le x  upon  con ta c t 
w ith  th e  hyd ro xy la ted  p roduc ts . Fo r so lid  m ed ia  assa ys  th e  w ho le  p la te  w as  flo o ded  
w ith  TO D  re agen t so lu tion  and fo r  liqu id  cu ltu re s  100 pi m l'1 TO D  re agen t so lu tion  
w as  added
2 .8 .4 ) S em iq u an tita t iv e  c o lo r im e tr ic  n a p h th a len e  o x id a tio n  a s say
Based  on th e  m e thod  d e sc rib ed  by W ood  and  co -w o rke rs  (C anada  e t  a l. 2002 ), 5 m l 
ce ll s u spens io n  w as  p repa red  as above . T he  ce lls  w e re  e q u ilib ra ted  in a 30  °C  w a te r  
ba th  fo r  2 m in  be fo re  add itio n  o f a c rys ta l o f n a ph tha lene  (~5  mg). C e lls  w e re  
in cuba ted  fo r  1 h a t 30 °C shak ing  a t 180 rpm . T he  reac tion  w as  s topped  by 
tra n s fe rr in g  to  ice and in cuba tin g  fo r  5 m in . C e ll d eb ris  w as  rem oved  by 
cen tr ifu ga tio n  fo r  1 m in  a t 17 ,000  x g  (4 °C ) and  1 m l su p e rn a ta n t w as  tra n s fe rre d  to  
a 1 m l cuve tte . 50 pi 1 % TO D  reagan t w as  added  and m ixed  by p ip e ttin g  up  and  
down. T he  reac tion  w as  ha lted  a fte r 15 s by  add ition  o f 120 pi g la c ia l a ce tic  ac id  to  
quench  the  dye  com p le x  fo rm a tio n  and s tab ilize  th e  co lou r. Q uan tific a tio n  o f 
naph tho l fo rm a tio n  w as  ca rried  ou t by m easu rin g  th e  in c re ase  in a b so rb a n ce  a t 540  
nm  us ing  a Jenw ay  6715  UVA /is  s p e c tro p ho tom e te r and com pa rin g  a g a in s t a 
p rodu c t s tanda rd  cu rve  o f known 1 -naph tho l concen tra tio n s .
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2 .8 .5 ) P ro d u c t d is tr ib u tio n  o f  n aph th o ls
5 m l a ssa ys  w e re  se t up as abo ve  us ing  n a ph tha lene  as th e  sub s tra te  and incuba ted  
fo r  up to  48  h. O x ida tion  p rodu c ts  w e re  ex tra c te d  in to  1 m l e th e r and e va po ra te d  to  < 
50 pi u n de r a lam in a r f low  hood. 1 pi sam p le s  w e re  ana lysed  v ia  G C -M S  us ing  a 
5890  GC  (H ew le tt P acka rd ) coup led  to  a Trio -1  m ass  spe c trom e te r. T he  GC  w as  
fitted  w ith  a H ew le tt P acka rd  HP -5  co lum n  w ith  a (5 % pheny l) m e thy l p o ly s ilo xane  
coa ting  (50 m *  0 .32  mm ; coa ting  th ic kn e ss  0 .25  pm ) and ope ra ted  w ith  a ca rr ie r 
gas  (n itrogen ) flow  ra te  o f 1.5 m l m in '1. T he  sepa ra tio n s  w e re  ca rried  o u t w ith o u t sp lit 
and th e  co lum n  tem pe ra tu re  w as  ram ped  from  80 °C  to  126 °C  a t 10 °C  m in "1, 
fo llow ed  by 126 °C  to  129 °C  a t 0.1 °C  m in '1 and  th en  129 °C to  250  °C  a t 10 °C 
m in '1. S am p les  (2 .5  p i) w e re  a lso  ana lysed  v ia  a S h im adzu  G C 2010  coup led  to  a 
flam e  ion isa tion  de tec to r. T he  GC  w as  fitte d  w ith  a R es te k  R TX -5  co lum n  w ith  a 5 % 
d ip hen y l/9 5  % d im e thy l p o ly s ilo xane  coa ting  (50 m x 0 .32  mm ; coa ting  th ic kn e ss  
0 .25  pm ) and ope ra ted  w ith  a ca rr ie r gas  (n itro gen ) f lo w  ra te  o f 1.5 m l m in '1. T h e  
tem pa ra tu re  w as  ram ped  from  100 - 200  °C  a t 10 °C  m in '1, he ld  a t 200  °C  fo r  1 m in  
then  ram ped  to  250  °C  a t 5 °C  m in '1 and  he ld a t 250  °C  fo r  15 m in. T h e  c a rr ie r  gas  
flow  ra te  w as  30  m l m in '1 and th e  sp lit ra tio  w as  30 :1 .
2 .8 .6 ) B iph eny l o x id a tio n  a s say
A  5 m l ce ll su spens io n  w as  e q u ilib ra ted  fo r  1 m in  in a 30 °C  w a te r ba th . A  few  
c rys ta ls  o f b ipheny l w e re  added  and  th e  ce lls  in cuba ted  a t 30 °C shak ing  a t 180 rpm  
fo r  30 m in . C e lls  w e re  tra n s fe rre d  on to  ice fo r  5 m in  to  quench  the  reac tion  be fo re  
e x tra c tio n  in to  1 m l d ie th y l e th e r and  e va po ra tio n  to  < 50  pi. T he  p ro du c ts  o f b ip heny l 
o x ida tion  w e re  cha ra c te rised  us ing  a S h im adzu  G C 2010  and  R TX -5  co lum n  as 
above . T he  co lum n  tem pe ra tu re  w as  ram ped  from  100 °C  to  200  °C a t 2 °C  m in '1 and  
he ld fo r  1 m in . T he  co lum n  tem pe ra tu re  w as  then  in c reased  to  250  °C a t a ra te  o f 
15°C  m in"1 and he ld fo r 15m in . T he  ca rr ie r gas  flow  w as  30 m l m in '1 and  th e  sp lit 
ra tio  w as  30:1
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2 .8 .7 ) M es ity le n e  o x id a tio n  a s say
A  5 m l ce ll su spens io n  con ta in in g  sod ium  fo rm a te  [5 mM ] w as  in cuba ted  w ith  5p l 
m es ity le ne  a t 30 °C  fo r  be tw een  1- 72 hou rs  shak ing  a t 180 rpm . A n  in te rna l 
s tanda rd  o f 2 pm o les  m -c re so l w as  added  and the  hyd roxy la ted  p ro du c ts  w e re  
ex tra c ted  in to  1 m l d ie thy l e the r. T he  e th e r w as  then  con cen tra te d  to  <50  pi by 
e vapo ra tio n  unde r a lam in a r f low  hood  and  ana lysed  by G C -M S  v ia  in je c tio n  on to  a 
5890  S e rie s  II gas  ch rom a tog raph  (H ew le tt P acka rd ) coup led  to  5 9 17A  m ass  
se le c tive  d e te c to r (H ew le tt P acka rd ). T h e  GC  w as  fitte d  w ith  a H ew le tt P acka rd  HP - 
5m s co lum n  w ith  a (5 % pheny l) m e thy l p o ly s ilo xane  coa ting  (30  m x 0 .32  mm ; 
coa ting  th ic kn e ss  0 .25  pm ) and ope ra ted  w ith  a ca rr ie r gas  (he lium ) f lo w  ra te  o f 1 m l 
m in"1. T he  sepa ra tio n s  w e re  ca rried  o u t w ith  a sp lit ra tio  o f 30:1 and th e  co lum n  
tem pe ra tu re  w as  he ld fo r  5 m in  a t 50 °C  then  ram ped  from  50  °C  to  118 °C  a t 10 °C  
m in '1, fo llow ed  by 118 °C  to  125 °C  a t 1 °C  m in '1 a nd  then  125 °C to  280  °C  a t 50  °C  
m in"1 and he ld fo r  2 m in . T he  in je c tio n  tem pe ra tu re  w as  260  °C  and th e  d e te c to r 
tem pe ra tu re  w as  300  °C. T he  p rodu c ts  o f m es ity le ne  ox id a tio n  w e re  de te c te d  by  
m on ito r in g  th e  to ta l ion coun t be tw een  50 -  550  m /z .
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2 .8 .8 ) T o lu e n e  o x id a tio n  assays
The  w ho le  ce ll su sp ens io n s  w e re  p repa red  as above . 5 m l w as  added  to  a 30  ml 
un ive rsa l tu be  w ith  sod ium  fo rm a te  [5 mM ] and e q u ilib ra ted  in a 30  °C w a te r ba th  fo r 
1 m in. 5 pi to lu ene  w as  added  and  th e  tu b e s  w e re  in cuba ted  a t 30 °C  fo r  up to  48  h 
shak ing  a t 180 rpm . W hen  an in te rna l s tanda rd  w as  requ ired  2 -pheny l e th ano l w as  
added  and th e  h yd roxy la ted  p rodu c ts  w e re  e x tra c te d  in to  1 m l d ie thy l e the r. T he  
e th e r w as  then  con cen tra te d  to  < 50 pi by e va po ra tio n  unde r a lam in a r f low  hood.
Fo r G C -M S  ana lys is  a 1 pi sam p le  w as  in jec ted  on to  a 5890  se rie s  II gas  
ch rom a tog raph  coup led  to  a 5971A  m ass  se le c tive  d e te c to r (H ew le tt P acka rd ) us ing  
th e  sam e  pa ram a te rs  as  fo r  th e  an a ly s is  o f m es ity le ne  by G C -M S  above . T he  
p rodu c ts  o f to lu ene  ox ida tion  w e re  de te c te d  by  se le c ted  ion m on ito r in g  a t 39 .0 , 50 .0 , 
51 .0 , 53 .0 , 77 .0 , 78 .0 , 79 .0 , 80 .0 , 89 .0 , 90 .0 , 91 .0 , 107.0 , 108.0 , and 109 .0  m /z . 
T hese  re p re sen t th e  m a in  m ass  ions p re sen t in th e  m ass  spe c tra  o f to lu e ne  
o x ida tion  p roduc ts .
T he  p rodu c ts  o f to lu ene  ox ida tion  w e re  a lso  cha ra c te rised  by m eans  o f GC , us ing  a 
6890  GC  appa ra tu s  (H ew le tt P acka rd ) fitte d  w ith  a S ta b ilw a x  cap illa ry  co lum n  w ith  a 
C a rbow ax  PEG  coa ting  (50 m x 0 .32  mm ; coa ting  th ickness , 1 pm ) and  coup led  to  a 
flam e  ion isa tion  de tec to r. T he  co lum n  tem pe ra tu re  a t th e  beg inn ing  o f th e  
sepa ra tio n  w as  he ld a t 100 °C  fo r  5 m in, w h e re a fte r  it w as  ram ped  to  180 °C  a t 2 °C  
m in '1, fo llow ed  by 15 m in  a t 180 °C. The  f lo w  ra te  o f ca rr ie r gas  (n itro gen ) w as  1.5 
m l m in '1 and the  sp lit ra tio  w as  10:1. T he  in je c to r tem pe ra tu re  w as  150°C  and th e  
d e te c to r tem pe ra tu re  w as  220  °C .
Fo r d e te rm ina tio n  o f spe c ific  a c tiv ity  w ith  to lu e n e  as sub s tra te  a 2 m l ce ll su sp en s io n  
w as  in cuba ted  w ith  1 pi to lu e ne  in a w a te r ba th  fo r  5 m in. T he  reac tion  w a s  s to p ped  
by p lac ing  tu b e s  on ice fo r  5 m in. A n  in te rna l s tanda rd  o f 2 -p heny le th ano l w as  added  
as be fo re  e x tra c tion  in to e th e r and  e va po ra tio n  to  < 50 pi as  above . T h e  ra te  o f 
fo rm a tio n  o f ox id a tion  p rodu c ts  w as  m easu red  us ing  a S h im adzu  G C 2010  c on nec te d
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to  a R TX -5  co lum n  (R es tek ) w ith  flam e  ion isa tion  de tec to r. T he  tem pe ra tu re  w as  
ram ped  from  150 °C  to  180 °C a t 2 °C  m in "1. T he  tem pe ra tu re  in c reased  to  220  °C a t 
200  °C  m in '1 and  w as  he ld fo r  15 m in. T he  ca rr ie r g as  flow  ra te  w as  30  m l m in '1 and 
th e  sp lit ra tio  w as  20 :1 . T he  in je c to r tem pe ra tu re  w as  150 °C  and th e  d e te c to r 
tem pe ra tu re  w as  250  °C.
The  Km and V max da ta  w e re  m easu red  by add ing  va ry in g  am oun ts  o f to lu e ne  
sa tu ra ted  w a te r w ith  750  pi ce ll s u spens io n  m ak ing  up to  1 m l w ith  25  mM  M OPS  
bu ffe r (pH  7 .0 ) and runn ing  on a S h im adzu  G C 2010  us ing  cond itio n s  above . 2 m l 
to lu e ne  w as  vo rte xed  fo r  1 m in  w ith  5 m l sdH 20  and 2 m l o f th e  a q ueous  la ye r w as  
rem oved  to  sepa ra te  E ppe nd o rf tu bes  and  cen tr ifu g ed  a t 17 ,000  x g f o r  1 m in  and 
used im m ed ia te ly  as to lu e ne  sa tu ra ted  w a te r. T he  am oun t o f to lu e ne  d is so lved  in th e  
w a te r w as  m easu red  by d ire c t in je c tio n  o f 2 .5  pi to lu e ne  sa tu ra ted  w a te r o n to  a th e  
GC  co lum n  us ing  th e  above  cond ition s .
2 .8 .9 ) E thy l b en zen e  o x id a tio n  as say
The  w ho le  ce ll s u spens io ns  w e re  p repa red  as de sc rib ed  above . 5 m l ce ll s u sp en s io n  
con ta in in g  sod ium  fo rm a te  [5mM ] added  to  a 30 m l u n ive rsa l tu b e  and  e q u ilib ra te d  
fo r  1 m in  a t 30 °C. E thyl benzene  w as  added  (50 p i)  and  th e  tu b e s  w e re  in cu ba te d  a t 
30  °C fo r  up to  48  h shak ing  a t 180 rpm . T he  hyd ro x y la ted  p rodu c ts  w e re  e x tra c te d  
in to  1 m l d ie th y l e the r. T he  e th e r w as  then  con cen tra te d  to  < 50  pi by  e va po ra tio n  
unde r a lam in a r flow  hood. T he  ox id a tio n  p rodu c ts  w e re  ana lysed  v ia  G C -M S  us ing  a 
5890  GC  (H ew le tt P acka rd ) coup led  to  a T rio-1 m ass  spe c trom e te r. H ere , th e  GC  
w as  fitte d  w ith  a H ew le tt P acka rd  HP -5  co lum n  w ith  a (5 % pheny l) m e thy l 
p o ly s ilo xane  coa ting  (50 m x 0 .32  mm ; coa ting  th ic kn e ss  0 .25  pm ) and  ope ra te d  w ith  
a ca rr ie r gas  (n itrogen ) f low  ra te  o f 1.5 m l m in '1. T he  sp lit ra tio  w as  30:1 and  th e  
co lum n  tem pe ra tu re  w as  ram ped  from  80 °C  to  250  °C  a t 4  °C  m in '1, fo llow ed  by 1 
m in  a t 250  °C. T he  in je c to r tem pe ra tu re  w as  180 °C  and  th e  d e te c to r tem pe ra tu re  
w as  250  °C.
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2 .8 .1 0 ) B u tan e  o x id a tio n  assay
So lub le  e x tra c t w as  p repa red  as de sc rib ed  above , 1.9 m l w as  sea led  in 8 m l T e flon  
sea led  GC  v ia ls  (A g ilen t) and 3 m l bu tane  added  by sy ringe . T he  ce lls  w e re  
eq u ilib ra te d  a t 30 °C  fo r  30  s and th e  reac tion  s ta rted  by add ing  100 pi 100 mM  
NADH  (e thano l fre e ) p repa red  as de sc rib ed  in A pp e n d ix  4. C e lls  w e re  in cuba ted  fo r  
tim e  in te rva ls  rang ing  be tw een  1 and 30 m in  and  reac tion  s topped  by p la c in g  
im m ed ia te ly  on ice. The  hyd roxy la ted  p rodu c ts  w e re  ex tra c te d  in to  500  pi d ie th y l 
e th e r and  con cen tra te d  by  e va po ra tio n  to  < 50 pi as  above . T he  ra te  o f fo rm a tio n  o f 
b u tane  ox id a tio n  p rodu c ts  w as  m easu red  us ing  a S h im adzu  G C 2010  connec te d  to  a 
R TX -5  co lum n  w ith  flam e  ion isa tion  de tec to r. T he  tem pe ra tu re  w as  he ld a t 50  °C  fo r  
19 m in  then  ram ped  to  250 °C  a t 250 °C  m in"1 and  w as  held  fo r  25  m in. T h e  ca rr ie r 
gas  flo w  ra te  w as  12 .6 m l m in"1 and  the  sp lit ra tio  w as  10:1. T he  in je c to r tem pe ra tu re  
w as  150 °C  and th e  d e te c to r tem pe ra tu re  w as  250  °C.
2 .8 .1 1 ) P en tan e  o x id a tio n  a s say
So lub le  e x tra c t w as  p repa red  as de sc ribed  above , 1.9 m l w as  sea led  in 8 m l T e flo n  
sea led  GC  v ia ls  (A g ilen t) and  1 pi p en tane  added . T he  ce lls  w e re  e q u ilib ra te d  a t 30 
°C fo r  30 s and  th e  reac tion  s ta rted  by  add ing  100 pi 100 mM  NADH  (e thano l fre e ). 
C e lls  w e re  in cuba ted  fo r  be tw een  5 and 20  m in and  reac tion  s topped  by  p la c ing  
im m ed ia te ly  on ice. A n  in te rna l s tanda rd  o f 2 -p h e n y le th a no l w as  added  and  th e  
ox ida tion  p rodu c ts  w e re  e x tra c ted  in to 500 pi d ie th y l e th e r and e vapo ra te d  to  < 50  pi 
as  above . T he  ra te  o f fo rm a tio n  o f pen tane  o x id a tio n  p rodu c ts  w as  m easu red  us ing  a 
sh im adzu  G C 2010  connec ted  to  a RTX -5  co lum n  w ith  flam e  ion isa tion  d e te c to r. T h e  
co lum n  tem pe ra tu re  w as  held  a t 70 °C  fo r 25  m in  then  ram ped  to  250  °C a t 100 °C  
m in '1 and w as  held fo r  5 m in . T he  ca rr ie r gas  flow  ra te  w as  12.1 m l m in '1 and  th e  
sp lit ra tio  w as  30 :1 . T he  in je c to r tem pe ra tu re  w as  150 °C  and  the  d e te c to r 
tem pe ra tu re  w as  250  °C.
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2 .8 .1 2 ) H exan e  o x id a tio n  a s say
S o lub le  e x tra c t w as  p repa red  as de sc ribed  above , 1.9 m l w as  sea led  in 8 m l T e flo n  
sea led  GC  v ia ls  (A g ilen t) and  1 pi hexane  added . T he  ce lls  w e re  e q u ilib ra te d  a t 30 
°C fo r  30  s and th e  reac tion  s ta rted  by add ing  100 pi 100 mM  NADH  (e thano l free ). 
C e lls  w e re  in cuba ted  fo r  be tw een  5 and 20  m in and  reac tion  s topped  by p la c ing  
im m ed ia te ly  on ice. A n  in te rna l s tanda rd  o f 2 -p heny le th ano l w as  added  and th e  
ox id a tio n  p rodu c ts  w e re  ex tra c te d  in to  500  pi d ie th y l e th e r and e va po ra te d  to  < 50  pi 
as above . T he  ra te  o f fo rm a tio n  o f he xane  ox id a tio n  p rodu c ts  w as  m easu red  us ing  a 
sh im adzu  G C 2010  connec ted  to  a R TX -5  co lum n  w ith  flam e  ion isa tion  d e te c to r 
us ing  th e  sam e  GC  se ttin g s  as  above  fo r  th e  p e n ta ne  ox id a tio n  a ssa y  (2 .8 .1 1 ). T he  
tem pe ra tu re  w as  he ld  a t 100 °C fo r  20  m in  then  ram p ed  to  250  °C  a t 100 °C  m in '1 
and w as  held fo r  5 m in '1. T he  ca rr ie r gas  flo w  ra te  w as  27  m l m in '1 and th e  s p lit ra tio  
w as  30 :1 . T he  in je c to r tem pe ra tu re  w as  150 °C and  t he  d e te c to r tem pe ra tu re  w as  
250  °C.
2.9  D ata  ana lys is
2 .9 .1 ) S ta t is tic a l an a ly s is
C om pa riso n  o f O B 3b  w ild -typ e  and sM MO  m u tan t da ta  w as  ca rried  o u t us ing  a tw o - 
ta iled  s tu d en t T -Tes t. D a ta  w as  seen  as hav ing  a s ta tis tica l s ig n if ic a n t d iffe re n ce  if 
P <0 .05 . A ll s ta tis tica l ana lys is  w as  ca rried  ou t us ing  S igm ap lo t da ta  an a ly s is  
so ftw a re  (S ys ta t so ftw a re  inc.)
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C hap te r  3: A n a ly s is  o f the  ro le  o f Leu 110
3.1 In troduc tio n
3 .1 .1 ) A  p roposed  g a tin g  ro le  fo r  Leu  110
The  c rys ta l s tru c tu re s  o f the  sM M O  h yd ro xy la se  com ponen ts  from  M e th y lo s in u s  
t r ic h o s p o r iu m  (O B3b ) and M e th y lo c o c c u s  c a p s u la tu s  (B a th ) ind ica te  th a t th e  a c tive  
s ite  is d e ep ly  bu ried  in th e  p ro te in  and hence  the  sub s tra te s  and p ro du c ts  m us t 
tra ve l a sub s ta n tia l d is ta n ce  be tw een  th e  ex te rna l so lve n t and  th e  ac tive  cen tre . T he  
c rys ta l s tru c tu re s  ind ica te  th a t a cha in  o f bu ried  so lven t-fille d  ca v itie s  th a t 
com m un ica te  be tw een  th e  a c tive  s ite  and th e  so lve n t m ay  be  the  rou te  o f sub s tra te  
en try  and  p rodu c t eg re ss  (E lango  e t  a l. 1997; R osenzw e ig  e t  a l. 1997). A t th e  end  o f 
th is  p roposed  sub s tra te  channe l be tw een  th e  so -ca lle d  ca v ity  tw o  and  th e  a c tive  s ite  
lies th e  re s idue  Leu 110 (F ig. 3 .1 ). T he  ox id ized  and  reduced  c rys ta l fo rm s  o f th e  
hyd ro xy la se  d iffe r in th e  con fo rm a tio n  o f Leu 110 lead ing  to  th is  re s idue  be ing  
p roposed  by R osenzw e ig  and  co -w o rke rs  as a ga ting  re s id ue  (the  “ le u c in e  g a te ”), 
re gu la ting  a cce ss  o f th e  sub s tra te  to  th e  ac tive  s ite  (R osenzw e ig  e t  a l. 1997). In th e  
c rys ta l s tru c tu re  o f o x id ized  hyd ro xy la se  p ro te in , Leu 110 b lo cks  the  p a thw ay  
be tw een  ca v ity  tw o  and  th e  ac tive  s ite . H ow eve r in th e  re duced  fo rm , a 2 .6 -A  
d iam e te r channe l opens  be tw een  th e  tw o  cav itie s . It has been  h ypo th es ised  th a t a 
la rge r co n fo rm a tio n a l change , such  as m ay  be caused  by in te ra c tio n  w ith  th e  o th e r 
c om ponen ts  o f th e  sMMO  com p lex , cou ld  open  th is  ‘le u c ine  g a te ’ fu rthe r, to  a llow  
pa ssage  o f sub s tra te s  and  p roduc ts .
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Fig. 3 .1 ) T h e  a c tiv e  s ite  o f sM M O  h yd ro x y la se  sh ow in g  p ro po sed  s u b s tra te  e n try  ro u te  from  
ca v ity  2 (b lue ) to  c a v ity  1 (ta n ) a d ja c e n t to  the  a c tiv e  s ite . T h e  b in u c le a r  iron  c e n tre  is 
h ig h lig h te d  in o ra n ge  and  th e  p ro p o sed  g a tin g  re s id u e  Leu  110 is h ig h lig h te d  in g re en . F ig u re  
w a s  co n s tru c te d  us in g  X -ra y  c ry s ta llo g ra p h ic  d a ta  (P D P  a c ce ss io n  c o d e  1M TY ).
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3 .2  C om pa rison  o f Leu  110 w ith  e q u iv a le n t res idues  o f re la ted
m onooxyqen ases .
3 .2 .1 ) M u tag en es is  o f  V a l 106  from  to lu en e  o rffro -m ono o xyg en ase
A s  m en tioned  in chap te r 1, m u ta gene s is  s tud ie s  o f h om o lo gous  m onoo xygen a se s  
w ho se  na tu ra l su b s tra te s  a re  m onoa rom a tic  h yd ro ca rbon s  have  ind ica ted  th a t the  
e q u iva le n t pos ition  to  Leu 110 is indeed  im po rta n t in th e  in te rac tio n  be tw een  th e se  
e n zym es  and  th e ir  su b s tra te s  (F ig. 3 .2 ). In a d ire c ted  evo lu tio n  s tud y  o f to lu ene  
o/? /70 -m onooxygenase  (TOM ) o f B u rk h o ld e r ia  c e p a c ia  G4, a V a l to  A la  m u ta tio n  a t 
pos ition  106, e q u iva le n t to  Leu 110 in sMMO , gave  in c reased  na ph tha le n e  and 
phenan th re n e  o x ida tion  bu t no change  in re g io se le c tiv ity  w ith  na ph th a le n e  (C anada  
e t  a l. 2002 ). Both m u tan t and  w ild -ty p e  gave  p re dom inan tly  1 -naph tho l as  th e  
p roduc t. T h is  w as  con s is te n t w ith  th e  p roposed  ga ting  ro le  o f th is  res idue , i.e. the  
m u ta tion  a ffe c ted  th e  ra te  o f o x id a tion  o f la rge  sub s tra te s  bu t d id  no t g re a tly  im pa c t 
on reg io se le c tiv ity .
3 .2 .2 ) M u tag en e s is  s tu d ie s  o f  lie  100 from  to lu e n e  4 -m o n o o x yg en a s e
A  num be r o f m u ta genes is  s tud ie s  a t th e  e q u iva le n t pos ition  lie  100 o f to lu e n e -4 - 
m onoo xygenase  (T 4MO ) in P s e u d o m o n a s  m e n d o c in a  KR1 have  a lso  in d ica ted  th a t 
th is  re s idue  m ay  p la y  an im po rta n t ro le  in a cce ss  o f s ub s tra te  to  the  a c tive  s ite . A  
reduc tion  in ra te  o f o x in do le  fo rm a tio n  from  indo le  by  th e  A la , C ys and  V a l m u tan ts  o f 
the  eq u iva le n t lie  100 in T 4M O  back  up th is  h ypo th es is  (M cC la y  e t  a l. 2 005 ). S ite  
d ire c ted  m u tagenes is  s tud ie s  ca rried  ou t on th is  e n zym e  a lso  iden tifie d  th a t th e  
I100L  m u tan t show ed  a tw o -fo ld  in c re ase  in th e  ra te  o f o x id a tio n  o f 2 -m e th o x yp h e n o l 
w ith  on ly  a m odes t loss o f re g io spec ific ity , h ow eve r th e  m u tan t (like  th e  w ild -ty p e ) 
gave  3 -m e th o xy re so rc in o l (3 ,5 -d ih yd ro xyan iso le ) as the  m a jo r p roduc t. S im ila r 
re su lts  w e re  obse rved  w ith  to lu ene  as th e  subs tra te , w he re  an in c re ase  in ra te  o f
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to luene oxidation w as  recorded but no change in regioselectivity (T ao  et al. 2 0 04 ). A  
further site directed m utagenesis  study o f this residue has highlighted a number of 
mutants with both altered rates o f oxidation and enantioselectivity with arom atic  
sulphides as the substrate. Th e  I100G  mutant showed a 1 .7  fold increase in the rate  
of oxidation o f methylphenylsulfide and enantiom eric  excess increased from  86%  to 
98%  (pro S ). S im ilarly the rate o f oxidation o f methyl para-to lyl sulphide by this 
mutant rose 11 -fold compared to the wild type and an increase in enantiom eric  
excess from  41%  pro-R  to 77%  pro-S  was observed. These  results coupled with in- 
silico homolology modelling o f T 4M O  and to luene o/iffro-monooxygenase have  led to 
the 1100 residue in T 4M O  being implicated not only in controlling access to the active  
site but also influencing the orientation o f substrate within the active site (Feingersch  
et al. 2 0 08 ).
3.2 .3 ) M u tagenes is  s tud ies  o f lie 100 from  to luene /o -xy lene  
monooxygenase
Mutation studies o f the  equ ivalent residue in to luene/o -xy lene m onooxygenase o f 
Pseudomonas sp strain OX1 (T oM O ) have shown that the  lie 100 res idue o f this  
enzym e has an important role in both rate and regioselectivity o f arom atic  substrate  
oxidation. Th e  oxidation o f to luene and naphthalene by an I100A  mutant o f T oM O  
showed reduced oxidation rates and re laxed regioselectivity with both these  
substrates (Notom ista et al. 2 0 09 ). A  change in the predom inant product o f phenol 
hydroxylation from  catechol to hydroquinone (i.e. a  shift in regioselectivity from  the 2 -  
to 4-position) in the I1 00Q  mutant o f T oM O  also indicates that the  equ ivalent site to  
Leu 110 m ay have a  role in determ ining regioselectivity as  well as substrate  access  
(V ardar and W ood, 2004 ).
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3.2.4) Comparison  to butane monooxygenase
The  equ ivalent residue to Leu 110 o f sM M O  is also a  Leucine, Leu 107  in BMO  of 
Thauera butanivorans (formerly Pseudomonas butanovora). Results from  
mutagenesis  studies o f the  nearby G ly  113  have shown an important role fo r this 
residue in determ ining regioselectivity o f this en zym e in the oxidation o f short chain  
alkanes and chloroethylene derivatives which could be expla ined  by a  
conformational change within the active site (H a lsey  et al. 2 006 ).
ramoX 97 PRWGETMKVISNFLEVGEYNAIAASAMLWDSATAAEQKNGYLAQVLDEIR 146
touA 87 PGWVSTMQLHFGAIALEEYAASTAEARMARFAKAPGNRNMATFGMMDENR 136
tmoA 87 PGWISTLKSHYGAIAVGEYAAVTGEGRMARFSKAPGNRNMATFGMMDELR 136
Fig. 3 .2 ) Part ia l protein sequence  a lignm ent  o f hydroxylase  a -subun it  of sM M O (mm oX),  
t oluene/ o-xylene m onooxygenase  (touA), toulene 4 -m onooxygenase  (tmoA), butane  
m onooxygenase  (bm oX) and toluene ortho-m onooxygenase  (tomA3). Leu  110  (m m oX) and  
ana logous residues are  highlighted yellow .
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3 .3  S ite  d ire c ted  m u tag enes is  s tu d ie s  o f Leu  110  in sM M O
In order to probe the role o f Leu 110 in sMMO , a number o f mutants with varying  
sized side chains w ere  created by Dr E lena Borodina (University o f W arw ick ) to 
study the effects this has on entry o f larger substrates into the active site. S evera l 
mutants at position 110 in the a-subunit o f the  hydroxylase have been analysed  
using bulky arom atic substrates in order to evaluate  the role o f this res idue in the  
sMMO  system  and to compare its function to that o f the equ ivalent residues in the  
aromatic m onooxygenases. These  mutants have also been screened  for triaromatic  
oxidation activity using the triaromatic compounds phenanthrene and anthracene , 
which are  not oxidized by the wild type en zym e  (Jenkins etal. 1994 ). S ince wild type  
sMMO  can accommodate  the large d iaromatic  compound naphthalene, it w as  
hypothesised that the mutations o f Leu 110 to sm aller residues Cys and G ly  m ay  
allow  access o f these larger substrates to the active site. Conversely  mutations to  
arginine and tyrosine at this position m ight reduce the substrate range o f the  en zym e.
3.3 .1) M u tagenes is  o f leuc ine  gate  res idue  p roduced  m utants  th a t gave  an  
unusual naph tha lene  ox ida tion  te s t resu lt
A  number o f mutants o f the  proposed gating residue Leu 110 w ere created  with  
varying sized side chains, in order to probe how  the s ize  o f the am ino  acid a t this 
position affected the functionality o f the  enzym e. Four mutants L110G , L110C ,
L110R  and L110Y  w ere  created , confirmed by DNA  sequencing and expressed  in 
the Ms. trichosporium SM DM  homologous expression system  as described in the  
Materia ls  and M ethods chapter using pTJS175  as the expression vector. W hen  the  
four m utant strains w ere grown in liquid culture at a  low copper-to-b iomass ratio to 
induce expression of sMMO , all four gave  positive naph thalene tests. Th is confirmed  
that all the mutant clones produced mutant en zym es  that w ere  active with 
naph thalene as the substrate. Observations o f the  purple d iazo  dye product fo rmed  
with a positive naphthalene test differed between  the four mutants. Th e  L 110G  and
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L 1 10C  m u tan ts  ga ve  a pu rp le  p ro du c t th a t w as  s tab le  fo r  o ve r 10 m in , s im ila r  to  
re su lts  o b se rved  fo r  w ild  type  sMMO . H ow eve r th e  co lo u r fo rm ed  by  th e  L 1 10R  and 
L110Y  m u tan ts  w as  s ta b le  fo r  less  than  1 m in  and  ap pea red  p in k  com pa red  to  the  
pu rp le  seen  w ith  th e  w ild -type .
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Fig 3 .3 ) P ro d u c ts  o f n a p h th a le n e  o x id a tio n  by  Leu 110  m u ta n ts  s h ow in g  p e rce n ta g e  p ro d u c t 
d is tr ib u tio n . D a ta  a re  d e r iv e d  from  th re e  s e p a ra te  e x p e r im e n ts  from  a s in g le  ba tch  o f  d ro p  fro ze n  ce lls  
fo r  each  m u ta n t and  a re  show n  in th e  fo rm  m ean  ± SD
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Fig. 3 .4 ) G CM S  tra ce  from  w ild  ty p e  sM M O  n a p h th a le n e  o x id a tio n  a s sa y  s h ow in g  o x id a tio n  p ro d u c ts  
1 -n aph th o l and  2 -n a ph th o l. Id en tity  o f p ea ks  w a s  c o n firm e d  by c om pa r in g  re te n tio n  tim e s  a g a in s t 
a u th e n tic  s ta n d a rd s  (n o t s how n )
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3 .3 .2 ) T h e  L 1 1 0R  and  L 1 10Y  m u tan ts  o f  sM M O  s h ow  in ve rted  re g io s e le c t iv ity  
w ith  n a p h th a le n e  com p a red  to  th e  w ild -ty p e
It w as  re asoned  th a t th e  q u a lita tive  d iffe re n ce  in s ta b ility  o f th e  n a ph tha le n e  te s t 
c o lo u r am ong  th e  m u tan t and  w ild -ty p e  e n zym es  w as  m os t like ly  due  to  an a lte ra tio n  
in th e  po s itio n (s ) o f h ydoxy la tio n  in th e  p rodu c ts  o f n a ph th a le n e  o x id a tio n  by th e  
L110R  and  L110Y  m u tan ts . G C -M S  ana lys is  con firm ed  th a t th e re  w e re  s ig n if ic a n t 
a lte ra tio n s  in th e  d is tr ib u tio n  o f m ono -h yd ro xy la te d  p rodu c ts  from  the  m u tan t 
en zym es . Both th e  w ild  type  en zym e  and  th e  L110C  m u tan t gave  a s lig h t e xce ss  o f
2 -n aph th o l o ve r 1 -naph tho l. T h is  re g io se le c tiv ity  w a s  re ve rsed  w ith  th e  o th e r th re e  
m u tan ts , w ith  a s ig n if ic a n tly  sm a lle r  p e rcen tage  o f 2 -n aph th o l be ing  d e te c te d  w ith  
th e  b u lk ie r m u tan ts  L110R  and L110Y  (P =0 .02  and  0 .0 0003  re spec tive ly ) (F igs  3.3 ,
3 .4 ). No nove l o x id a tion  p rodu c ts  such  as d ih yd ro xy la te d  p rodu c ts  w e re  d e te c te d  
w ith  an y  o f th e  m u tan ts . A  sepa ra te  e xp e rim e n t us ing  10 pM  so lu tio n s  o f th e  tw o  
isom e rs  o f naph tho l and  th e  sam e  con cen tra tio n  o f te tra zo tise d  o -d ia n is id in e  as  used  
in th e  n a ph tha lene  te s t fo r  sM M O  a c tiv ity  re vea led  th a t th e  d ia zo  dye  p rodu ced  by  1- 
naph tho l fo rm s  m o re  qu ic k ly  and  de cays  m o re  qu ic k ly  th an  th a t p roduced  by 2 - 
naph tho l (F ig. 3 .5 ). T hus  th e  d iffe re n ce  in re g io se le c tiv ity  o f th e  m u tan ts  a cco un ts  
fo r  th e  d iffe re n ce  in co lo u red  p ro du c t fo rm a tio n  ob se rve d  in th e ir  n a ph th a le n e  te s ts .
1 - n a p h t h o l  
— 2n ap h t h o l
O D 530 o f  1 a n d  2  n a p h th o l  s ta n d a rd s  u p o n  a d d i t io n  o f  D ia z o  re a g a n t
Fig 3 .5 ) C hange  in a b so rb a n ce  o f  10 |j M 1 -n aph th o l and  2 -n a p h th o l s o lu tio n s  a t 530  nm  
o ve r a 20  m in  pe riod . D a ta  a re  d e rived  from  th re e  s e p a ra te  e x p e r im e n ts  and  a re  sh ow n  
in th e  fo rm  m ean  + SD
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3.3 .3 ) The  L110  m utan ts  show ed  a re laxed  reg iose lec tiv ity  and  genera ted  
novel p roduc ts  w ith  subs titu ted  m onoarom a tic  subs tra tes  and  b ipheny l
Oxidation assays with a  number o f arom atic  substrates w ere  carried out over a  4 8  h 
period and analysed  using G C  and G C -M S  as described in the M ateria ls  and  
Methods chapter. W ith  the m onoaromatic  substrate to luene, the  w ild -type sM MO  
exhibits a m ixture o f side-chain hydroxylation and ring hydroxylation at the  p-position, 
with ring hydroxylation predom inating. W hen  Leu 110 was mutated  to the larger 
arginine and tyrosine residues, ring hydroxylation at the  p-position predom inated (as  
with wild type sM MO ) with p -creso l being detected  as the m ajor oxidation product. 
However when  Leu 110 was rep laced  by the sm aller glycine and cyste ine residues a  
shift in regioselectivity towards s ide-chain  oxidation was observed  with benzyl 
alcohol being detected  as the m ajo r oxidation product. All the  mutants at position  
110  showed re laxed  regioselectivity (T ab le  3 .1 ), with the appearance  o f significant 
amounts o f m -cresol, which is not seen  with the w ild-type. Th e  activity o f all the  
mutants w as  less than that o f the wild type enzym e.
Enzyme Products (molar %) Molar ratio Relative
______________________________________ aromatic: total
Benzyl m-cresol p-cresol benzy|ic activity
>hol
c h 2o h
a*co^°* hydroxylation (% )a
O H
Wild-type 36.5 ± 8 .7 b 0.0 63.5 ± 8.7 1.7 100
L110G 53.7 ± 12.5 14.6 ± 6 .7 31.7 ± 9 .7 0.86 12
L110C 59.4 ± 12.1 11.2 ± 7.7 29.4 ± 5.4 0.68 7.4
L110Y 34.9 ± 8.2 17.8 ± 7 .4 47.3  ± 0.8 1.9 2.8
L110R 28.0 ± 6.5 14.0 ±3 .1 58.0 ± 9.7 2.6 2.5
Tab le  3.1: Products of toluene oxidat ion by Leu  110  m utants show ing pe rcentage  product  dist ribut ion, 
relat ive total act ivity and r ing:side  chain  hydroxylat ion ratio. a Re la t ive  total act ivit ies with t o luene  a s 
the substra te , w hich w ere correct ed  for d if fe rences in culture O D 60o, are  given  a s pe rcen t ages of the  
in crease  in total product  concent rat ion w ith w ild-type Ms. trichosporium OB3b , w hich w as 12  pM  h'1.b 
Data are  derived from  three separa t e  expe rim ents from  a  single  batch o f drop frozen  ce lls for each  
mutant  and are  show n in the form  m ean  ± SD
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W hen  ethy lbenzene  was the substrate, the  wild type en zym e showed predom inantly  
side chain hydroxylation with 1-phenylethano l being the m ajor oxidation product. All 
the  mutants showed a  very large shift from  sidechain to ring hydroxylation and at 
least one new  product (2 -ethylphenol) w as observed with each  m utant (T ab le  3 .2 , 
Fig. 3 .6 ). In these experim ents  3-ethylphenol and 4-ethylphenol w ere  not resolved  
and so it is not c lear w hether the product 3 -ethylphenol was  produced. H ow ever the  
use o f single ion recognition to scan for the m ass ion 122 (the mass o f hydroxylated  
ethyl benzene ) showed a shou lder peak  with the arginine mutant which corre lated to 
the  retention tim e o f a s tandard o f 3 -ethylphenol suggesting this as  another possible  
novel oxidation product. No 2-phenylethano l or dihydroxylated products w ere  
detected with e ither the wild type enzym e or any o f the  mutants.
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0.0 4.6 ± 1 .4 a 0.048 100
L110G 9.2 ±3 .1 8.8 ± 0.4 82.1 ± 2 .7 9.9 32
L110C 23.6 ± 6.2 3.1 ±2 .1 73.3 ± 4.4 3.2 48
L110Y 40.2 ± 
10.5
3.1 ± 0 .6 56.8 ± 10.0 1.5 8.7
L110R 22.1 ± 1.6 1.3 ±0 .1 76.6 ± 1.5 3.5 63
Tab le  3.2: Products of ethyl benzene  oxidat ion by Leu  110  m utants show ing pe rcentage  product  
distribut ion, relat ive total act ivity and ring : side  chain  hydroxylat ion rat io.3 3 -  and 4 -ethyl phenol w ere  
not resolved in t hese  experim ents and so  the mol fract ions stated are  the sum  of both.b Data  a re  
derived from  three separa t e  expe rim ents from  a  single  batch o f drop frozen ce lls for e ach  mutant  and  
are  show n in the form  m ean ±  S D .C Re lat ive  total act ivit ies w ith ethyl benzene  a s the subst ra te , w hich  
w ere corrected for d if fe rences in culture O D 60o, are  given a s pe rcent age s of the rate of incre ase  in 
total product  concent rat ions obtained with w ild-type Ms. trichosporium OB3b , w hich w as 0 .52  pM  h'1.
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Fig 3 .6 ) G CM S  tra ce s  fo r  w ild  ty p e  sM M O  (A ) and  L 1 10R  m u ta n t (B ) s h ow in g  to ta l ion 
scan  (b o ttom  tra ce  in red ) and  s p e c if ic  ion m on ito r in g  a t 122 m /z  ( to p  tra ce  in g reen ). 
Id en tity  o f p e a ks  w a s  co n firm e d  by  c om pa r in g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  



















OB3b L110G I110R I110Y L110C
□  2 -h y d ro x y b ip h e n y l 
El 3 -h y d ro x y b ip h e n y l
□  4 -h y d ro x y b ip h e n y l
F ig 3 .7 ) D is tr ib u tio n  o f b ip hen y l o x id a tio n  p ro d u c ts  by  Leu 110  m u tan ts . D a ta  a re  d e r ive d  from  
d u p lic a te  e x p e r im e n ts  from  a s in g le  ba tch  o f  d ro p  fro ze n  ce lls  fo r  each  m u ta n t and  a re  sh ow n  in the  
fo rm  m ean  ±  SD
W ith  b ipheny l as  th e  subs tra te , th e  w ild -ty p e  p roduced  p re dom inan tly  4 - 
h yd ro xyb ipheny l. M u tan ts  w ith  th e  la rg e r ty ro s in e  o r a rg in in e  re s idue  a t po s itio n  110 
show ed  a sh ift in re g io se le c tiv ity  w ith  sub s ta n tia lly  m o re  2 -h yd ro xyb ip hen y l p ro du ced  
than  th e  w ild -typ e . T he  m u tan ts  w ith  th e  sm a lle r g ly c in e  and  cys te in e  re s id ue s  a t 
th is  po s ition  show ed  re la xed  reg io spec ific ity , p rodu c ing  the  nove l o x id a tio n  p ro d u c t
3 -h yd ro xyb ip hen y l (F ig  3.7 ).
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3 .3 .4 ) N e ith e r  m u tan ts  no r w ild -ty p e  o x id ized  tr ia rom a tic  h yd ro ca rb o n s
C e lls  e xp re ss in g  w ild -typ e  sMMO  and  a ll fo u r  m u tan ts  a t po s ition  110 w e re  in itia lly  
sc reened  fo r  o x id a tion  o f the  tr ia rom a tic  com pounds  phenan th re n e  and a n th ra cene  
in th e  sam e  m anne r as used  fo r  th e  sem iq uan tita t iv e  n a ph tha lene  assay, by  add itio n  
o f te tra zo tised  o -d ian is id ine , w h ich  w ou ld  g ive  co lou red  d ia zo  dyes  a fte r reac tion  
w ith  th e  hyd roxy la ted  p roduc ts . No v is ib le  co lo u r changes  w e re  seen  from  m u tan ts  
o r w ild -type , a lth ough  a con tro l o f 9 -p henan th ro l gave  a co lou red  p ro du c t w ith  a 
de te c tio n  th re sho ld  o f 5 pM  w h ich  is com pa rab le  to  th e  n a ph tha lene  te s t (F ig. 3 .8 ). 
G C -M S  w as  used  to  ana lyse  a ssa y  re ac tio n s  th a t had been  incuba ted  fo r  30  °C  fo r  
48  h, as desc ribed  in th e  M a te ria l and  M e thods  chap te r, bu t no h yd roxy la ted  
p rodu c ts  cou ld  be found  from  e ith e r o f the  tr ia rom a tic  su b s tra te s  w ith  w ild -ty p e  M s . 
tr ic h o s p o r iu m  O B 3b  o r an y  o f th e  m u tan t s tra ins . P resum ing  th a t p h ena n th re n e  and  
an th ra cene  a re  ab le  to  d iffu se  in to  the  ce lls , th e se  re su lts  s tro ng ly  s u g ge s t th a t 
ne ith e r w ild -typ e  sMMO  no r th e  m u tan ts  a re  ab le  to  o x id ize  th e se  bu lky  a rom a tic  
subs tra te s .
1-naphthol standards
1 1* m o le /m l 1 0 0 n m o le s //m l 50nm oTes/m Il lO n m o le s /m l In m o le /m l
Fig 3 .8 ) C o lo u r fo rm a tio n  o f 1 -n aph th o l and  9 -p h e n a n th ro l s ta n da rd  s o lu tio n s  
(1 m l) upon  th e  a d d itio n  o f 100p l te tra z o tiz e d -o -d ia n is id in e  [0 .5  mg m l'1].
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3 .4 .1 ) R eg io s e le c tiv ity  o f  W T  sM M O
The  re su lts  fo r  th e  re g io se le c tiv ity  o f M s . t r ic h o s p o r iu m  e xp re ss in g  th e  w ild  type  
sMMO  are  con s is te n t w ith  p re v io u s ly  pub lished  re su lts  conce rn ing  the  
re g io se le c tiv ity  o f sMMO  tow a rd s  a rom a tic  su b s tra te s  (C o lb y  e t  a l. 1977, B u rrow s  e t  
a l. 1984). T h e re  seem s  to  be a range  o f po ss ib le  p o s itio n s  fo r  the  sub s tra te s  in th e  
ac tive  s ite  w ith  th e  w ild  type  enzym e , as  a ll a rom a tic  sub s tra te s  show  m o re  than  one  
o x ida tion  p roduc t. T h e re  a lso  seem s  to  be som e  co rre la tio n  be tw een  th e  p re fe rred  
s ites  o f h yd ro xy la tio n  w ith  th e  va r io u s  a rom a tic  sub s tra te s . If the  su b s tra te s  a re  
con s ide red  to  be rough ly  re c ta n g u la r in shape , th e  w ild -typ e  e n zym e  show s  a s trong  
p re fe rence  fo r  h yd ro xy la tio n  nea re s t to  th e  tw o  sho rt s ides . T h is  w as  ob se rve d  w ith  
all th e  sub s tra te s  assayed . W hen  naph tha le n e  w as  th e  sub s tra te  the  p r im a ry  
o x ida tion  p ro du c t w as  2 -naph tho l. S im ila r ly  th e  d ia rom a tic  sub s tra te  b ip heny l w as  
p re dom inan tly  o x id ized  to  4 -h yd ro xyb ip hen y l. W ith  th e  m onoa rom a tic  s u b s tra te s  
to lu ene  and e thy l b enzene  bo th  ring and s id e  cha in  h yd roxy la tion  w as  seen  w ith  a 
m ix tu re  o f benzy l a lcoho l and p -c re so l be ing  seen  w ith  to lu ene  ox ida tion  and a 
m ix tu re  o f 1 -pheny le thano l and  4 -e th y lp heno l be ing  seen  w ith  e th y l b enzene  
o x ida tion .
3 .4 .2 ) M u tan ts  sh ow ed  re laxed  re g io s e le c tiv ity  b u t s h ow ed  no  a c tiv ity  
to w a rd s  tr ia rom a tic  s u b s tra te s
The  m u tan t-e xp re ss in g  s tra in s  show ed  low e r ra tes  o f to ta l p rodu c t a ccum u la tio n  
than  th e  w ild -type , rang ing  from  2 .5  to  63  % o f th e  w ild -typ e  ac tiv itie s . E xam in in g  
th e  da ta  from  e thy l benzene  and  to lu ene  as subs tra te , th e re  does  no t seem  to  be  a 
c le a r co rre la tio n  be tw een  the  p rope rty  o f th e  am ino  ac id  and  the  reduc tio n  in a c tiv ity , 
and  th e se  re su lts  m ay  a lso  re fle c t d iffe re n ce s  in e xp re ss io n  and  s ta b ility  b e tw een  th e  
m u tan ts . H ow eve r ana lys is  o f th e  p ropo rtio n s  o f o x id a tio n  p rodu c ts  fo rm ed  from  th e  
a rom a tic  subs tra te s , y ie lded  in fo rm a tion  th a t is no t b ia sed  by th e  leve l o f e xp re ss io n .
3.4  A n a ly s is  o f resu lts
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The  re su lts  ind ica te  a co rre la tio n  be tw een  th e  s ize  am ino  ac id  a t po s ition  110 and 
a lte red  re g io se le c tiv ity  fo r th e  m u tan t en zym es . T he  la rges t sh ift in re g io se le c tiv ity  
w ith  naph th a le n e  as th e  sub s tra te  w as  obse rved  w ith  th e  la rge r a rg in in e  and ty ro s in e  
m u tan ts . In bo th  o f th e se  m u tan ts  th e re  w as  s ig n if ic a n tly  m o re  1 -naph tho l p roduced  
than  2 -naph th o l in com pa riso n  to  the  w ild  type  enzym e . C onve rse ly , th e  nove l 
p rodu c t from  b ipheny l o x ida tion , 3 -h yd ro xyb ip heny l, is seen  on ly  in th e  m u tan ts  w ith  
th e  sm a lle r re s id ues  g lyc ine  and cys te in e  a t th is  pos ition . W ith  th e  m onoa rom a tic  
su b s tra te s  a re la xa tion  o f re g io se le c tiv ity  w as  seen  w ith  bo th  la rg e r (A rg  and  Ty r) 
and  sm a lle r (C ys and  G ly) m u tan ts  w ith  nove l o x id a tion  p roduc ts  be ing  p roduced  
w ith  bo th  to lu e ne  and e thy l benzene . H ow eve r th e  sh ift from  s ide -cha in  to  ring 
hyd ro xy la tio n  o f to lu ene  w as  g re a te s t in the  m u tan ts  w ith  th e  sm a lle r re s id ue s  a t 
pos ition  110 and the  co rre spond ing  sh ift in re g io se le c tiv ity  in o xyg ena tio n  o f e th y l 
b enzene  w as  a lm o s t tw o  o rde rs  o f m agn itu de  g re a te r than  th a t seen  w ith  an y  o f th e  
o th e r m u tan ts .
3 .5  S um m ary
The  da ta  in th is  c ha p te r c le a rly  sh ow  th a t th e  Leu 110 re s idue  has a ro le  in 
re g io se le c tiv ity  o f sMMO  ra th e r than  th a t o f a ga ting  res idue . The  da ta  in th is  c h a p te r 
w e re  co lle c ted  from  e xpe rim en ts  ca rried  ou t in w ho le  ce lls  o ve r a 48  h pe riod . It 
shou ld  be m en tioned  th a t th e  p re sen ce  o f o th e r en zym es  in the  m e thano tro ph  
m e tabo lic  p a thw ay  m ay  have  in fluenced  th e  p rodu c t d is tr ib u tio n  fo r  th e  su b s tra te s  in 
th is  and in p rev iou s  s tud ie s  us ing  w ho le  ce lls  e xp re ss in g  sMMO . A s  w ill be 
d is cu ssed  in m o re  de ta il in la te r chap te rs , th e  p re sen ce  o f e n zym es  such  as 
m e thano l d e h yd rogenase  w h ich  has been  show n  to  a c t on benzy l a lcoho l (M oun tfo rt, 
1990) and o th e r a ld ehyde  de h yd roge nase s  (P a te l e t  a l. 1972 ; 1980) m ay  a c t on th e  
s ide  cha in  ox ida tion  p rodu c ts  from  subs titu ted  a rom a tics . D iffe rences  be tw een  
p ro du c t d is tr ib u tio n  from  m u tan ts  and w ild  typ e  sM MO  repo rted  in th is  c h a p te r w e re  
re co rded  from  assays  conduc ted  unde r iden tica l c o n d itio n s  and  hence  in d ica te  rea l 
d iffe re n ce s  in re g io se le c tiv ity . H oweve r, s ide  cha in  o x id ized  p roduc ts  m ay  be  u n d e r ­
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rep re sen ted  in th e  da ta  due  to  th e ir  fu r th e r m e tabo lism  by ce llu la r e n zym es  o th e r 
than  sMMO .
C hap te r  4: M u tag en es is  based  upon  bu tane  m onooxyg en ase
4.1 In tro duc tio n
4 .1 .1 ) C om pa ra tiv e  a n a ly s is  o f sM M O
C om pa riso n  o f hom o lo gou s  en zym es  w ith  d is tin c t ca ta ly tic  p ro pe rtie s  can  o ffe r a 
pow e rfu l w a y  to  des ign  s ite -d ire c te d  m u tan ts . A  com b ina tio n  o f s e q uen ce  and  th re e - 
d im ens iona l s tru c tu re  in fo rm a tio n  can  be  used to  iden tify  c a n d id a te  re s id ue s  tha t 
m ay  be  in vo lved  in key  ca ta ly tic  p ro cesses , w h ich  can then  be  in ve s tiga te d  
e xp e rim en ta lly  v ia  m u tagenes is . A  sub s tan tia l n um be r o f sM M O  seq uen ce s  a re  now  
a va ila b le  bu t th e se  do  no t p ro v ide  a la rge  am oun t o f in fo rm a tion  a b ou t th e  like ly  
fu n c tio n  o f spe c ific  re s id ues  be cau se  th e  sM M O s  th a t have  been  in ve s tig a te d  have  
ve ry  s im ila r ca ta ly tic  p rope rtie s  (C a rdy  e t  a l. 1991; M cD ona ld  e t  a l. 1997; D edysh  e t  
al. 1998, 2004 ; D un fie ld  e t  a l. 2003 ; H u tchens  e t  al, 2004 ; W a rd  e t  al, 2004 ; Lin e t  a l. 
2004 ; A li e t  a l. 2006 ; D um on t e t  a l. 2006).
4 .1 .2 ) C om pa ris o n  to  b u tan e  m ono o x yg en as e
Bu tane  m onoo xygenase  (BMO ), is an SD IM O  w ith  a re la tive ly  h igh  s im ila r ity  to  
sM M O  th a t has d is tin c t ca ta ly tic  p rope rtie s  from  sMMO . A s  m en tio ned  p rev iou s ly , 
th is  ba c te ria l m u ltim e ric  en zym e  ca ta lyses  th e  o x id a tio n  o f b u tane  to  bu tano l us ing  
d io xygen  as th e  ox idan t. T h is  en zym e  has a m uch  n a rrow e r sub s tra te  range  th a t 
sMMO  and has a ve ry  low  spe c ific  ac tiv ity  o f 3 .6  nm o l m in '1 mg p ro te in '1 tow a rd s  
m e thane  (H a lsey  e t  a l. 2006 ). T he  c lon ing  and se quen ce  ana lys is  o f th e  BMO  
ope ron  from  T h a u e ra  b u ta n iv o ra n s  (fo rm e rly  P s e u d o m o n a s  b u ta n o v o ra )  has  show n  
th a t th is  en zym e  show s h igh sequen ce  iden tity  a t th e  am ino  acid leve l com pa red  to
108
sMMO  (S lu is  e t  a l. 2002 , Kurth  e t  a l. 2008 ). T h e  b m o X  g e ne  th a t e n code s  the  
h yd ro xy la se  a -s u b u n it o f BMO  th a t c o n ta in s  th e  non haem  d iiron  ac tive  s ite  show s  
63  %  iden tity  a t th e  am ino  ac id  leve l to  Mm oX  o f M e th y lo s in u s  t r ic h o s p o r iu m  O B3b . 
T h e se  sequenc ing  re su lts  e n ab le  us to  c rea te  s ite  d ire c ted  m u tan ts  to  com pa re  the  
d iffe re n ce s  in ca ta ly tic  a c tiv ity  b e tw een  th e se  tw o  enzym es .
4 .1 .3 ) C om pa ris o n  o f  a  h ig h ly  c o n se rv ed  h y d ro p h o b ic  p o c ke t n e a r  th e  a c tiv e  
s ite  o f  BM O  and  sM M O
C rys ta llo g ra ph ic  s tud ie s  o f sM M O  from  M s. t r ic h o s p o r iu m  O B3b  by  E lango  e t al. 
(1 997 ) iden tified  a h yd rop hob ic  p o cke t lined  by  19 re s id ue s  a d ja ce n t to  th e  a c tive  
s ite , h ypo th es ised  to  be im po rta n t in su b s tra te  b in d ing . O f th e se  19 h yd ro p hob ic  
re s id ues , 14 a re  conse rved  w ith in  BMO  (F igs. 4 .1 , 4 .2 , 4 .3 ). To  beg in  to  p robe  th e  
d iffe re n ce s  in ca ta ly tic  a c tiv ity  b e tw een  BMO  and  MMO , m u tan ts  C 151T , M 1 84V  and  
F282L  w e re  c rea ted . T h e se  m u tan ts  w e re  h ig h lig h ted  as be ing  o f m os t in te re s t and 
hav ing  th e  m os t s ig n if ic a n t in s tru c tu re  fo r  each  re s idue . T he  o th e r tw o  po ss ib le  
m u tan ts , A 120G  and V 239 I had on ly  m in o r c h a nge s  in am ino  ac id  s id e  cha in  w ith  





























Fig 4 .1 ) A m in o  ac id  a lig nm e n t o f  m e thane  m o n o o x yg e n a se  and  bu tane  
m onoo xyge na se . T h e  19 re s id u e s  w ith in  th e  h y d ro p h o b ic  p o c ke t a d ja ce n t to  th e  
a c tiv e  s ite  a re  h ig h lig h te d  in ye llow . * in d ica te s  a d iffe re n c e  in am in o  ac id  
se q uen ce  b e tw een  BMO  and  sMMO .
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Fig 4 .2 ) T he  a c tiv e  s ite  o f sM M O  show in g  d iiro n  c e n tre  (m ag e n ta  sp h e re s ) and  a d ja c e n t 19 - 
re s id ue  h yd ro p h o b ic  b in d in g  reg io n  (E la n go  e t  a l. 1997 ). T h e  p ro posed  s u b s tra te  g a te  Ie u110  
(co n se rve d  in BMO ) and  th e  five  re s id u e s  th a t a re  n o t c o n se rve d  be tw een  sM M O  and  BM O  a re  
labe led . D ia g ram  has  been  c re a te d  from  x -ra y  c ry s ta llo g ra p h y  d a ta  (1M TY ). T h e  am in o  a c id s  a re  
co lo u re d  a s  fo llow s : a la n in e  ( lig h t g reen ), c y s te in e  (p a le  o live ), g ly c in e  (w h ite ), g lu tam in e  (p in k ), 
is o le u c in e  (d a rk  g reen ), le u c in e  (g re e n /g re y ), p h e n y la la n in e  (d a rk  g rey ), th re o n in e  (o ra n g e ) and  
va lin e  (v io le t).
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Fig 4 .3 ) T he  a c tiv e  s ite  o f  BMO , s how ing  am in o  a c id  p o s it io n s  co rre sp o n d in g  to  th e  1 9 -re s id u e  
h yd ro p h o b ic  b ind ing  reg io n  o f sM M O  (E la n go  e t  a l. 1997 ). T h e  five  re s id u e s  in th is  re g io n  th a t 
a re  n o t c o n se rve d  be tw een  sM M O  and  BMO  a re  la be lle d  a lo ng  w ith  th e  re s id u e  a n a lo g o u s  to  th e  
p ro posed  su b s tra te  g a te  o f sM MO . D ia g ram  has  been  c re a te d  from  x -ra y  c ry s ta llo g ra p h y  d a ta  
(1M TY ). T h e  am in o  a c id s  a re  c o lo u red  as  fo llow s : a la n in e  ( lig h t g reen ), c y s te in e  (p a le  o live ), 
g ly c in e  (w h ite ), g lu tam in e  (p in k ), is o le u c in e  (d a rk  g reen ), le u c in e  (g re e n /g ra y ), p h e n y la la n in e  
(d a rk  g rey ), th re o n in e  (o ra n ge ) and  va lin e  (v io le t)
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4 .2  C ons tru c tio n  and  e xp ress io n  o f m u tan ts
4 .2 .1 ) E xp re s s io n  o f  m u tan ts  in Ms. trichosporium SM DM
The  m u tan ts  C 151T , M 184V , and  F 282L  w e re  con s tru c ted  w ith in  th e  pT JS175  
e xp re ss io n  v e c to r and  con firm ed  by  DNA  sequenc ing  by  D r E lena  B o rod ina  
(U n ive rs ity  o f  W a rw ick ). T h e  m u tan t p la sm id s  w e re  tra n s fo rm ed  in to  E .c o l i  S17-1 
and  tra n s fe rre d  to  th e  sM M O  nega tive  hos t s tra in  M s. t r ic h o s p o r iu m  SM DM  by 
con juga tio n  as  de sc rib ed  in th e  M a te ria ls  and M e thods  chap te r. T h e  th re e  m u tan ts  
w e re  g row n  in liqu id  cu ltu re s  and  on  a g a r p la te s  a t a low  co p p e r to  b iom ass  ra tio  to  
induce  e xp re ss io n  o f sMMO . A  s trong  pu rp le  c o lo u r w as  d e te c te d  fo r  C 15 1T  and  
M 184V , ind ica ting  th e  p re sen ce  o f n a ph tho ls  w h ich  a re  th e  o x id a tio n  p ro du c ts  o f 
n a ph tha lene , how eve r, no  a c tiv ity  w as  d e te c te d  w ith  th e  F 282L  m u ta n t (F ig . 4 .4 ). 
T he  F282L  m u tan t w a s  a lso  a ssayed  fo r  b u tane  and  to lu e ne  o x id a tio n  a c tiv ity  us ing  
th e  GC  and  no  ox ida tion  p rodu c ts  w e re  de te c te d  w ith  e ith e r sub s tra te  in d ica tin g  an  
a c tiv ity  < 0 .008  nm o l m in '1.
F 28 2L
C 1 5 1 T W ild  type  O B 3b
Fig 4 .4 ) NM S  a g a r  p la te  s h ow in g  po s itive  n a p h th a le n e  o x id a tio n  a s sa y  fo r  M s. 
t r ic h o s p o r iu m  O B 3b  (w ild  type ), M s. t r ic h o s p o r iu m  S M DM  (p T JS 1 7 5 .C 1 5 1T ) and  
M s. t r ic h o s p o r iu m  SM DM  (p T JS 175 .M 184V ).
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A  so lu b le  e x tra c t o f th e  F 282L  m u ta n t e xp re ss in g  s tra in  w as  p repa red  us ing  th e  
son ica tio n  m e thod  as de sc rib e d  in th e  M a te ria ls  and  M e thods  sec tion , a lo ng  w ith  
so lu b le  e x tra c t from  the  w ild  typ e  s tra in  M s . t r ic h o s p o r iu m  O B 3b  as  a p o s itiv e  con tro l 
and a n a lysed  us ing  SDS  PAGE . T h e  p ro te in  bands  co rre spond ing  to  th e  a, p and  y 
h yd ro xy la se  su bun its  o f sM M O  in th e  F 282L  so lu b le  e x tra c t a re  c le a r ly  v is ib le  (F ig .
4 .5 )









Fig 4 .5 ) S D S  PAG E  ge l sh ow in g  P ro te in  m a rk e r  (M ) and  s o lu b le  e x tra c t from  M s. t r ic h o s p o r iu m  O B 3b  
(1) and  m u ta n t F 2 82L  (2). T h e  h yd ro x y la se  su b u n its  M m oX , M m oY  and  M m oZ  a re  m a rke d  a, |3 a n d  y 
re spe c tive ly .
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4.2.3) The M184V mutant is an unstable enzyme
So lub le  e x tra c t p re pa ra tio n s  o f M 184V  and  C 151T  w e re  p repa red  as d e sc r ib e d  in 
th e  M a te ria ls  and  M e thods  se c tio n  a lo ng  w ith  th e  w ild  typ e  s tra in  M s . t r ic h o s p o r iu m  
O B 3b  as a pos itive  con tro l and  a na ly sed  by  SDS  PAGE . T he  a, (3 and  y  h yd ro xy la se  
s ubun its  o f sM M O  w e re  c le a r ly  v is ib le  in th e  w ild  ty p e  s tra in  and  C 15 1T  m u ta n t 
e xp re ss in g  s tra in . H ow eve r litt le  o r no  v is ib le  p ro te in  bands  fo r  th e  M 184V  
h yd ro xy la se  su bun its  w e re  de te c te d  (F ig . 4 .6 ). A ssa ys  w ith  th e  su b s tra te s  bu tane , 
p e n ta ne  and  hexane  w e re  ca rried  o u t us ing  so lu b le  e x tra c ts  o f C 151T , M 184V  and 
w ild  typ e  O B 3b  how eve r no  a c tiv ity  w as  d e te c te d  fo r  M 184V  w ith  an y  o f th e se  
sub s tra te s .
M 1 2 3
F ig  4 .6 ) S D S  page  ge l show in g  P ro te in  m a rk e r  (M  ) and  
so lu b le  e x tra c t from  O B 3b  (1 ) and  M 1 8 4V  (2 ) and  C 1 5 1T
(3).
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4 .3  O x id a tio n  o f b u tane  and  n aph th a len e  by  th e  m u tan ts  s how ed  no
change  in re g io se le c tiv ity  o r  a c tiv ity  c om pa red  to  w ild  typ e  sM M O
4 .3 .1 ) O x idation  o f bu tane  by BMO  insp ired  s ite  d irec ted  m utan ts
Butane oxidation assays w ere  carried out using soluble extract to ensure that no 
particulate M M O  w as  acting on the butane. Assays w ere  carried out for 1 min, 5 min 
and 10 min for both w ild -type OB3b  and the C 15 1T  mutant. Analysis o f M 1 8 4V  with  
the substrate butane was  not possible due to the instability o f the M 1 8 4V  mutant in 
soluble extract preparations. The  primary products o f butane oxidation are  1-butano l 
and 2-butano l, with butyraldehyde and 2-butanone  as o ther possible products. Th e  
specific activities w ere quantified by using 1-propanol (2  pmol) as an internal 
standard. As products w ere  de tectab le  after 1 min this was the time chosen to 
ensure the specific activity was  m easured  when the enzym e was  at it most active. 
For both the wild type sM MO  and the C 1 5 1T  mutant, hydroxylation o f butane was  
observed only at the term inal carbon since 1-butanol w as  the only product de tec ted . 
An extra peak was  observed  at - 1 0 .6  min that was not seen  in e ither the soluble  
extract with no substrate negative  control or the control with only substrate and  
MOPS  buffer (Fig. 4 .7 ). This extra peak is possibly due to impurities in the  butane  
that can be oxidized by sMMO . The  specific activity o f C 1 5 1T  against butane w as  6 
times less than wild type OB3b  (Tab le  4 .1 ).
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F ig 4 .7 ) G C  tra ce  from  O B 3b  B u tane  o x id a tio n  a s sa y  s how ing  1-b u ta n o l peak , re te n tio n  t im e  
o f 2 -b u ta n o l and  the  u n know n  peak  a t 10 .6  m ins . Id en tity  o f th e  p e a ks  w a s  co n firm e d  by 
com pa rin g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  (da ta  no t show n ).
Spec ific  a c tiv ity  (nm o l/m in /m g ) a c tiv ity  (% )
O b3b 78 .0  ± 2 .6 100
C 151T 13.1 ± 1.0 16 .8
T ab le  4 .1 : S p e c ific  a c tiv it ie s  fo r  bu ta ne  o x id a tio n . S p e c if ic  a c tiv it ie s  a re  a m ean  o f tr ip lic a te  
re su lts  and  e xp re s sed  as  nm o le s  p ro d u c t /m in /m g  so lu b le  p ro te in  ± s ta n da rd  e rro r.
4 .3 .2 ) O x id a tio n  o f  n ap h th a len e  by  BMO  in sp ired  s ite  d ire c ted  m u tan ts
Both C 151T  and M 184V  show ed  no s ig n if ic a n t c ha nge  in re g io se le c tiv ity  from  the  
w ild  type  w hen  naph th a le n e  w as  th e  subs tra te . A s  a re su lt o f th e  s ym m e try  o f  the  
n a ph tha lene  m o le cu le , th e re  a re  on ly  tw o  p o ss ib le  p rodu c ts  from  a s ing le  
h yd ro xy la tio n  even t, 1 -naph tho l o r 2 -naph tho l. T h e  C 151T  and  M 184V  m u tan ts  
show ed  s im ila r re g io se le c tiv ity  to  th e  w ild  type  en zym e  w ith  an  a lm o s t e q u im o la r 
am oun t o f bo th  isom e rs  o f naph tho l and on ly  a ve ry  s lig h t e xce ss  o f 2 -n a p h th o l in a ll 
ca ses  (T ab le  4 .2 ).
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1-napthol (% ) 2-naptho l (% ) specific activity 
(nmoles/m in /mg)
W ild -type 4 6 .4 9  ± 1 .6 5 53 .51 ± 1 .6 5 33 .89  ± 2 .3 6
C 151T 48 .0 0  ± 0 .8 4 52 .0 0  ± 0 .8 4 2 1 .7 5  ± 0 .4 8
M 184V 4 6 .2 2  ± 1 .7 7 5 3 .7 8  ± 1 .7 7 2 1 .2 6  ± 6 .2 7
Tab le  4 .2 : Product  distribut ion and specif ic act ivity w ith naphthalene  a s substrat e. Sp e cif ic act ivity is 
e xp ressed  a s nm oles per m inute per m g so luble  protein. Data  a re  derived from  three separa t e  
experim ents from  a single  batch of  drop frozen ce lls for each  mutant  and are  show n in the form  
mean ±  SD
The  assays w ere  carried out a t 30  °C  for 30  min usi ng whole  cells with 5 mM  
fo rm ate  to provide an excess o f reducing equivalents  for the  reaction. Th e  reaction  
was started by adding two naph thalene crystals (~ 5  mg total) to each  assay and w as  
stopped by plunging the tube into ice. Th e  rate o f oxidation o f naph thalene w as  
calcu lated using the colorimetric method described by the W ood group (C anada  et al. 
2002 ). Upon addition o f the  TO D  reagent in the presence o f naphthol oxidation  
products a d iazo  dye is formed (W ackett and G ibson 1982 ) which is m easured  by 
detecting an increase in absorbance at 540nm  using a  Jenway  6 7 15  UV /V is  
spectrophotom eter and quantified by comparing against a standard curve o f known  
standards for 1 and 2  naphthol. Th e  specific activity o f the  C 1 5 1T  and M 1 8 4V  
mutants expressed as nmole product per min per mg soluble protein (T ab le  4 .2 )  a re  
6 4 .1%  and 6 2 .7%  that o f the wild type OB3b  respectively. It should be noted that 
these specific activities are  with respect to the formation o f 1-naphthol only, because  
the 1-naphthol-dye complex forms more quickly and the absorbance at 5 4 0  nm of 
the d iazo  dye formed from  this isomer is much grea te r than that from  2-naphtho l (Fig.
4 .8 )
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Fig 4 .8 ) S ta nda rd  cu rve  o f c o n ce n tra tio n s  o f  1- and  2 -n a p h th o l a g a in s t a b so rb a n ce  a t 540  nm  15 
s a fte r a d d itio n  o f TO D  re a g a n t a s  d e s c r ib e d  in th e  M a te r ia ls  and  M e th o d s  chap te r.
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4 .4  O x id a tio n  o f to lu en e , b ipheny l and  h exane  by BMO  in sp ired  
m utan ts  show s  re laxed  re g io sp ec ific ity  com pa red  to  th e  w ild  typ e
enzym e
4 .4 .1 ) O x id a tio n  o f  to lu e n e  by BMO  in sp ired  m u tan ts
O x id a tion  o f to luene  can  p rodu ce  fo u r po ss ib le  p roduc ts . O x ida tion  o f th e  m e thy l 
g roup  p rodu ces  benzy l a lcoho l w he re a s  ring ox id a tio n  cou ld  p roduce  p -c re so l, m -  
c re so l o r o -c reso l. Q ua lita tive  id en tifica tio n  o f to lu e ne  ox ida tion  p rodu c ts  w as  ca rried  
ou t us ing  G CM S  ana lys is  and  com pa rin g  and  p rodu c ts  iden tified  by  com pa r iso n  o f 
re ten tio n  tim es  ag a in s t know n  s ta n da rd s  and  com pa rison  o f m ass  spe c tra  a g a in s t 
th e  N IST  m ass  spe c tra  lib ra ry . Fo r q u an tita tive  ana lys is , to lu e ne  o x id a tio n  p ro du c ts  
w e re  run on a S h im adzu  G C 2010  w ith  1 pi 2 -pheny l e th ano l as  an in te rna l s tanda rd . 
T he  spe c ific  a c tiv itie s  fo r  to lu ene  fo r  bo th  C 151T  and M 184V  w e re  ca lcu la te d  based  
upon  to ta l s o lu b le  p ro te in  and show ed  reduced  a c tiv ity  com pa red  to  w ild  typ e  O B 3b  
(T ab le  4 .4 ). Fo r th e  M 184V  and  C 151T  m u tan ts , the  o x ida tion  p roduc ts  de te c te d  
show ed  a s im ila r d is tr ib u tio n  to  th o se  from  th e  w ild  typ e  en zym e  w ith  a m a jo r ity  o f 
benzy l a lcoho l be ing  p roduced  (T ab le  4 .3 ). No m -c re so l o r o -c reso l w as  d e te c te d  in 
e ith e r w ild  typ e  sMMO  o r th e  C 151T  o r M 184V  e xp re ss in g  m u tan ts . W hen  to lu e n e  
w as  th e  sub s tra te  bo th  C 151T  and M 184V  show ed  a s ta tis t ica lly  s ig n if ic a n t in c re a se  
in ring hyd ro xy la tio n  com pa red  to  th e  w ild  typ e  en zym e  w ith  39%  o f th e  o x id a tio n  
p rodu c t as p -c re so l com pa red  w ith  29%  in the  w ild  type  en zym e  (P =0 .023  and  0 .028  
re spec tive ly ) (T ab le  4 .3 ).
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M u tan t benzy l a lcoho l (% ) p -c re so l (% )
O B3b  W T 71 .38  ± 2 .8 9 28 .62  ± 2 .8 9
C 151T 60 .86  ± 0 .3 5 39 .14  ± 0 .3 5
M 184V 60 .77  ±1 .20 39 .23  ± 1.20
Tab le  4 .3 : D is tr ib u tio n  o f  to lu e n e  o x id a tio n  p ro d u c ts  g iven  as  a p e rce n ta g e  o f to ta l 
p roduc t. A s s a y s  w e re  c a rr ie d  o u t in tr ip lic a te  and  a re  d isp la ye d  as  m ean  va lu e s  ± 
s tanda rd  e rro r.
S pec ific  A c tiv ity R e la tive  A c tiv ity  (% )
OB3b 132.4  ± 5 1 .7 100
C 151T 91 .6  ±2 6 .1 68
M 184V 42 .7  ± 5 .4 35
Tab le  4 .4 : S p e c if ic  a c tiv it ie s  o f w ild - ty p e  O B 3b  and  C 1 5 1T  and  M 184V  e xp re ss in g  
m u tan ts . S p e c if ic  a c tiv it ie s  a re  g iven  as  nm o le /m in /m g  so lu b le  p ro te in . R e la tive  a c tiv ity  is 
show n  a g a in s t w ild - ty p e  OB3b .
4 .4 .2 ) O x id a tio n  o f  b ip h eny l by  BM O  in sp ired  m u tan ts
A na lys is  o f th e  ox ida tion  o f b ipheny l a lso  show s  a s lig h t re la xa tion  in re g io se le c tiv ity  
com pa red  to  th a t o f th e  w ild  type . T he  ox id a tio n  o f b ipheny l can  p rodu ce  th re e  
poss ib le  o x id a tio n  p rodu c ts  depend ing  on w h ich  pos ition  on th e  a rom a tic  ring  is 
ox id ized . T he  ox id a tio n  assa ys  w e re  ca rried  ou t us ing  w ho le  ce lls  con ta in in g  5mM  
fo rm a te  to  p rov ide  p le n ty  o f reduc ing  e q u iva le n ts  fo r  th e  reac tion . T he  C 151T  and 
M 184V  m u tan ts  show ed  > 97%  o f the  b ipheny l o x id a tio n  p rodu c t as  th e  4 - 
hyd ro xyb ipheny l isom e r (4hbp ) . T he re  w as  a s ig n if ic a n t in c rease  in th e  p ro du c tio n  
o f bo th  3 -h yd ro xyb ip heny l isom e r (3hbp ) and 2 -h yd ro xyb ip hen y l (2 hbp ) from  the  
C 151T  m u tan t com pa red  to  th e  w ild  type  e n zym e  (P=0 .021  and  0 .04  re spec tive ly ) 
(T ab le  4 .5 ).
1 2 0
C e lls
2 -h yd ro xyb ip hen y l
(% )
3 -h yd ro xyb ip hen y l
(% )
4 -h yd ro xyb ip hen y l
(% )
O B3b 0 .16  ± 0 .14 0 .38  ± 0 .2 7 99 .46  ± 0 .4
C 151T 0 .76  ± 0.11 1 .84 ± 0 .4 4 97.41 ± 0 .2 5
M 184V <0 .08 2 .2 7± 0 .97 97 .73  ± 0 .97
T ab le  4.5 : D is tr ib u tio n  o f b ipheny l o x id a tio n  p ro d u c ts  g iven  as  a p e rce n ta g e  o f to ta l p ro du c t. A s s a y s  w e re  
ca rr ie d  o u t in d u p lic a te  from  a s in g le  ba tch  o f d rop  fro zen  ce lls  fo r  each  m u ta n t and  a re  d is p la y e d  a s  m ean  
va lu e s  ± s ta n da rd  e rro r
4 .4 .3 ) O x id a tio n  o f  h e xan e  by BM O  in sp ired  m u tan ts
The  ox ida tion  o f hexane  can  y ie ld  3 poss ib le  p ro du c ts  d epend ing  on w h ich  c a rb on  is 
o x id ized : 1 -hexano l, 2 -hexano l o r 3 -hexano l. H exane  ox id a tio n  assays  w e re  ca rried  
ou t us ing  so lu b le  e x tra c t to  en su re  th a t on ly  sM M O  w as  ox id iz in g  th e  sub s tra te .
So lub le  e x tra c t (2 m l) w as  in cuba ted  w ith  1 pi he xane  fo r  10 m in  a t 30 °C  and  th e  
reac tion  w as  s ta rted  by add ing  NADH  up to  5 mM . T he  in te rna l s tanda rd  used  in 
th e se  assays  w as  1-p ropano l (2 pm o l), th e  assa ys  w e re  e x tra c ted  w ith  e th e r w h ich  
w as  then  a llow ed  to  e va po ra te  a t room  tem pe ra tu re  to  a vo lum e  o f ~50  pi and  run on 
th e  GC . T he  C 151T  m u tan t show s a s lig h t re la xa tio n  o f re g io se le c tiv ity  c om pa re d  to  
th e  w ild -typ e  OB3b . O x ida tion  o f h e xane  by w ild -ty p e  O B3b  show s 1 -hexano l as  th e  
m a jo r o x ida tion  p rodu c t a ccoun tin g  fo r  65%  o f th e  to ta l p rodu c t de tec ted . H ow eve r, 
th e  C 151T  m u tan t show s  a s ig n if ic a n tly  a lte red  p rodu c t d is tr ib u tio n  com pa red  to  th e  
w ild  type  (P <0 .001 ) w ith  on ly  48%  o f th e  hexane  ox id a tio n  p rodu c ts  as  1 -hexano l 
(T ab le  4 .6 ). In the  w ild  type  en zym e  and th e  C 151T  m u tan t no 3 -hexano l w as  
de tec ted . T he  spe c ific  a c tiv ity  o f th e  C 151T  m u tan t w as  reduced  14 -fo ld  c om pa re d  to  








O B3b 64 .35  ± 
0 .05
35 .65  ± 
0 .05
0
C 151T 48 .35  ± 
1.22
51 .65  ± 
1.22
0
S pec ific  a c tiv ity  
(nm o le s /m in /m g )
ac tiv ity
(% )
OB3b 0 .27  ± 0 .005 100
C 151T 0 .019  ± 0 .0007 6.8
;ab le  4 .6 : P e rce n ta g e  p ro d u c t d is tr ib u tio n  o f h e xane  
ida tio n  o f W T  O B 3b  and  C 151T . A s sa y s  w e re  ca rr ie d  o u t 
tr ip lic a te  and  d is p la ye d  as  a m ean  re su lt ± s ta nda rd  e rro r
T a b le  4 .7 : S p e c if ic  a c tiv ity ie s  o f W T  O B 3b  and  
C 1 5 1T  m u ta n ts  a g a in s t he xane . A c tiv it ie s  a re  
e xp re s sed  as  nm o le s  p ro d u c t/m g /to ta l s o lu b le  
p ro te in  ± s ta n da rd  e rro r.
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4 .5  O x id a tio n  o f m es ity iene  by th e  M 184V  m u tan t s how s  nove l
o x id a tion  p roduc ts .
4 .5 .1 ) A  nove l s u b s tra te  fo r  s tu d y in g  m ono o x yg e n a s e  ac tiv ity
The  sub s tra te  m es ity ie ne  (1 ,3 ,5 -tr im e th y lb en zene ) w as  chosen  as  a c a n d id a te  fo r  
s tud y  due  to  its s ize  and  pos itions  o f th e  th re e  m e thy l g roups , m ean ing  on ly  tw o  
poss ib le  p r im a ry  o x id a tio n  p rodu c ts  w ou ld  be  p roduced . R ing  h yd ro xy la tio n  o f 
m es ity ie ne  w ou ld  p roduce  2 ,4 ,6 - tr im e th y lp h en o l and s ide  cha in  o x id a tio n  w ou ld  
p roduce  3 ,5 -d im e th y lb en zy l a lcoho l, m ak ing  it an idea l s ub s tra te  fo r  o x id a tio n  
anay ls is .
4 .5 .2 ) M es ity ie n e  o x id a tio n  a s says  o v e r  2 4  h and  72  h s h ow ed  no  
m onoh yd ro x y la te d  p roduc ts
A ssays  w e re  ca rried  ou t us ing  w ho le  ce lls  o ve r a pe riod  o f 72 h and a n a ly sed  v ia  
GCMS ; howeve r, no ox ida tion  p rodu c ts  w e re  d e te c te d  w ith  w ild  typ e  O B 3b  o r  th e  
m u tan ts  M 184V  and C 151T . It w as  no ted  th a t th e re  w as  a la rge  peak  id e n tif ie d  by  its 
m ass  spec trum  as 3 ,5 -d im e th y l benzo ic  ac id . T h is  co rre sp ond s  to  fu r th e r  o x id a tio n  o f 
th e  s id e -cha in  h yd ro xy la tio n  p rodu c t 3 ,5 -d im e th y lb en zy l a lcoho l. A n  a ssa y  w a s  se t 
up fo r  each  m u tan t w ith  an o ve rn ig h t in cuba tio n  and  aga in  th e  la rge  peak  
co rre spond ing  to  3 ,5 -d im e th y lb en zo ic  ac id  w as  p resen t, how eve r, th e re  w e re  a lso
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tra ce  am oun ts  o f tw o  p rodu c ts  w ith  a m ass  o f 136 m /z , w h ich  co rre spond  to  the  
s in g ly  h yd ro xy la ted  m es ity le ne  p roduc ts .
S in ce  reduc ing  the  reac tion  tim e  a llow ed  de te c tio n  o f sm a ll am oun ts  o f th e  e xpec ted  
m onoh yd ro xy la tio n  p roduc ts , it w as  poss ib le  th a t th e  in itia l p rodu c ts  from  th e  sM M O - 
ca ta lysed  reac tion  w e re  th e  m onoh yd ro xy la ted  m o ie tie s , w h ich  w e re  then  fu r th e r 
o x id ised  by sMMO  o r a n o th e r e n zym e  p re sen t in th e  m e thano troph  ce lls . T he  
en zym e  m e thano l d e h yd rogenase  (M DH ) w as  a poss ib le  cand id a te  fo r  such  a 
reac tion  be cause  it has been  repo rted  th a t MDH  from  M s . t r ic h o s p o r iu m  O B 3b  can  
ox id ize  benzy l a lcoho l to  ben za ld eh yde  (M oun tfo rt 1990). H ow eve r as MDH  w as  
show n  by th e  a u th o r no t to  be  ac tive  a g a in s t b e n za ld eh yde  it is like ly  th a t a n o th e r 
e n zym e  is re spons ib le  fo r  th e  p roduc tion  o f the  benzo ic  ac id  d e riva tive  seen  in th e se  
assays .
4 .5 .3 ) M es ity le n e  o x id a tio n  a ssays  o ve r  1 h s h ow ed  m ono h yd ro x y la te d  
p roduc ts
An  a ssa y  w as  se t up fo r 1 h and th is  t im e  th e  ox id a tio n  p roduc ts  w e re  c le a r ly  v is ib le  
(T ab le  4 .8 ). T he  C 151T  m u tan t show ed  s im ila r ch a ra c te r is tic s  to  th a t o f th e  w ild  ty p e  
e n zym e  w ith  h yd ro xy la tio n  p redom ina tin g  on the  s ide  cha in  w ith  th e  p ro d u c t 3 ,5 - 
d im e th y lb enzy l a lcoho l m ak ing  up m o re  than  99%  o f th e  to ta l o x id a tio n  p roduc ts .
The  spe c ific  ac tiv ity  o f th e  ce lls  e xp re ss in g  th e  C 151T  m u tan t sM M O  tow a rd s  
m es ity le ne  w as  a lso  reduced , to  19 % o f th a t o b se rved  in th e  w ild  type .
1 2 4
2 ,4 ,6 -
tr im e th y lp heno l
(% )
3 ,5 -d im e th y lb enzy l 
a lcoho l (% )
3 ,5 -d im e thy l 
b e n za ld eh yde  (% )
O B3b 0 .40  ± 0 .34 99 .60  ± 0 .3 4 0 .00
M 184V 0 .25  ± 0 .42 33 .30  ± 2 2 .5 3 66 .45  ± 2 2 .3 3
C 151T 0 .82  ± 0 .3 4 99 .18  ± 0 .3 4 0 .00
T ab le  4.8 : P e rce n ta g e  p ro d u c t d is tr ib u tio n  o f M e s ity le n e  o x id a tio n  p roduc ts . A s sa y s  w e re  c a rr ie d  o u t 
in tr ip lic a te  from  a s in g le  ba tch  o f d rop  fro zen  ce lls  fo r  each  m u ta n t and  a re  d is p la ye d  a s  m ean  v a lu e s  
± s ta nda rd  e rro r.
The  M 184V  m u tan t show ed  an ex tra  ox ida tion  p rodu c t no t e xpec ted . A n  e x tra  peak  
w as  p re sen t id en tifie d  by th e  m ass  spe c tra  lib ra ry  as  3 ,5  d im e thy l b e n zy la ld e h yd e  
w h ich  w as  no t de te c ted  in e ith e r O B3b  o r C 151T . T he  s ig n ific a n ce  o f th is  
u nexpec ted  re su lt is cove red  in th e  d is cu ss io n s  chap te r.
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4 .6  S um m ary  o f resu lts
The  da ta  in th is  ch a p te r sh ow  th a t th e  M 184V , C 151T  and F 282L  m u ta tio n s  have  an 
e ffe c t on th e  s tab ility  and  th e  a c tiv ity  o f th e  sMMO  enzym e . A s  th e  M 184V  m u tan t 
w as  un s tab le  in so lu b le  e x tra c ts , on ly  w ho le  ce ll a ssays  cou ld  be ca rried  ou t w ith  th is  
m u tan t. T he  F 282L  m u tan t had no d e te c ta b le  ac tiv ity ; how eve r, th e  h yd ro xy la se  
com ponen ts  cou ld  c le a rly  be  seen  by  SDS  PAGE  ind ica ting  th a t th is  is a s tab le  
m u tan t. T h e  a c tiv ity  o f th e  C 151T  m u tan t w as  reduced  com pa red  to  th e  w ild  typ e  
en zym e  w ith  a ll s u sb s tra te s  te s ted  in c lud ing  bu tane  and  no sh ift tow a rd s  te rm in a l 
ca rbon  ox ida tion  as seen  w ith  bu tane  m onooxygenase , hence  th is  s ite  d ire c ted  
m u tan t does  no t co n fe r a BM O -like  p h eno type  upon  the  m u tan t en zym e . T h e  
re g io se le c tiv ity  o f th e  C 151T  m u tan t w as  re la xed  com pa red  to  th e  w ild  typ e  en zym e  
w ith  a ll s u b s tra te s  te s ted  e xce p t bu tane . T he  g re a te s t change  in re g io se le c tiv ity  w as  
seen  w ith  hexane  as th e  subs tra te , w he re  th e  m a jo r o x id a tio n  p rodu c t sh ifte d  from  
64 .35  %  1 -hexano l w ith  th e  w ild  type  enzym e , to  51 .65  % 2 -he xano l w ith  th e  C 151T  
m u tan t. T h e  nove l sub s tra te  m es itlye ne  w as  th e  on ly  sub s tra te  w he re  a BM O - 
in sp ired  m u tan t had in c reased  a c tiv ity  com pa red  to  th e  w ild  type  en zym e . T he  
M 184V  m u tan t show ed  an 3 .6 -fo ld  in c re ase  in a c tiv ity  o ve r th e  w ild  type  e n zym e  
tow a rd s  m es ity ie ne  and  p roduced  a nove l o x id a tion  p ro du c t 3 ,5 -d im e th y l 
b en za ld eh yde  no t seen  w ith  th e  w ild  type  O B3b  o r th e  C 151T  m u tan t.
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C hap te r  5: R andom  m u tag enes is  o f mmoX
5.1 In tro duc tio n
5 .1 .1 ) A  m u ta g en es is  a p p ro ach  to  s tu d y in g  sM M O  su b s tra te  s p e c if ic ity
One  o f th e  key  a im s  o f th is  th e s is  is to  look  a t th e  sub s tra te  range  o f sM M O  and  to  
try  and iden tify  th e  s tru c tu ra l a spec ts  th a t m ay  lim it th e  s ize  o f s ub s tra te  th a t can  be 
ox id ized  by  th e  enzym e . A  ra ndom  m u tagene s is  app roach  w as  ca rried  ou t w ith  th e  
in ten tion  o f iden tify ing  new  re s idues  im po rta n t in con tro llin g  sub s tra te  spec ific ity .
T h is  is in a dd ition  to  th o se  w h ich  have  been  in fe rred  from  va rio u s  c rys ta l s tru c tu re  
s tu d ie s  and  w e re  be ing  te s ted  v ia  d ire c ted  m u tagenes is . U s ing  a m od ifica tio n  o f th e  
co lo r im e tr ic  naph tha lene  ox ida tion  a ssa y  to  sc reen  fo r  a c tiv ity  a g a in s t th e  tr ia rom a tic  
com pounds ; a n um be r o f m m o X  ra ndom  m u tan t lib ra rie s  w e re  c rea ted  and  sc re ened  
fo r  a c tiv ity  a g a in s t a n th ra cene  and phenan th rene .
5 .1 .2  M u tag en es is  s tu d ie s  o f  re la ted  m ono o x yg en as e s
D irec ted  evo lu tio n  is a te rm  used  to  de sc rib e  a va r ie ty  o f te ch n iq u e s  w he re  p ro te in  
va r ia n ts  a re  c rea ted  v ia  random  m u tagene s is  and  m u tan ts  a re  se le c ted  th a t s h ow  a 
des ired  fun c tion . T he re  a re  a n um be r o f w ays  o f g e ne ra tin g  q u a s i-ra ndom  m u tan ts  
fo r  se le c tio n  o r sc reen ing  fo r a c tiv ity  in c lud ing  shu fflin g  o f h om o lo gou s  g e ne s  
(S temm er, 1994) and e rro r p rone  PCR  (Leung  e t  a l. 1989; C adw e ll and Jo yce  1992 ;
127
Zhou  e t. a l. 1994). No w o rk  has been  pub lished  on the  d ire c ted  e vo lu tio n  o f so lub le  
m e thane  m onoo xygen ase  a lth ough  as d e sc rib ed  in cha p te r 1, d ire c ted  evo lu tion  
a p p ro a che s  have  been  used  w ith  a n um be r o f re la ted  bac te ria l d iiron  
m onooxygenases .
5 .1 .3 ) D ire c ted  e v o lu tio n  s tu d ie s  o f  a rom a tic  m o n o o x yg en as es
A  random  m u tan t lib ra ry  o f to m A 0 1 2 3 4 5  genes  en cod in g  to lu ene  o r th o ­
m o n o o x y g e n a s e  o f B u rk h o ld e r ia  c e p a c ia  G 4 w e re  c rea ted  by W ood  and  co -w o rke rs  
(C anada  e t  a l. 2002 ) us ing  DNA  shu fflin g . A  n um be r o f to m  g enes  w e re  d ig es ted  
w ith  DN ase  I and ra ndom ly  rea ssem b led  to  c rea te  a m u tan t lib ra ry . S c reen ing  o f th is  
lib ra ry  iden tifie d  a m u tan t show ing  in c reased  tr ic h lo ro e th y le n e  d e g rada tio n  and  a lso  
im p roved  a c tiv ity  tow a rd s  bo th  d ia rom a tic  and  tr ia rom a tic  sub s tra te s . T he  seq uen ce  
o f the  m u tan t led to  the  id en tifica tio n  o f V a l 106 as  an  im po rta n t re s id ue  in lim iting  
the  ra te  o f th e se  reac tions . D irec ted  evo lu tio n  w as  a lso  used  by W ood  and  co ­
w o rke rs  to  id e n tify  re s id ues  im po rta n t in th e  ox id a tio n  o f n itro ben zene  to  4 - 
n itro ca te cho l by  to lu e ne  4 -m onoo xyg ena se  from  P s e u d o m o n a s  m e n d o c in a  KR1 
(F ishm an  e t  a l. 2004 ). A n  e rro r p rone  PCR  te ch n iq u e  w as  used  to  g e ne ra te  random  
m u ta tion s  w ith in  th e  tm oA , tm o B  and tm o C  g enes  en cod in g  en cod ing  fo r  th e  
hyd roxy la se  a -subun it, th e  h yd ro xy la se  y -s u b u n it and a R ie ske  type  fe rr id o x in , 
re spec tive ly . S c reen ing  o f th is  lib ra ry  iden tifie d  a m u tan t w ith  an 8 -fo ld  in c re a se  in 
th e  ra te  o f 4 -n itro ca te ch o l p rodu c tion  com pa red  to  th e  w ild  typ e  en zym e  w hen  
n itro benzene  w as  th e  subs tra te . T h is  led to  th e  id e n tific a tio n  o f an Ile 100 m u ta tio n  as 
a poss ib le  cand id a te  fo r  the  change  in re ac tiv ity  tow a rd s  n itro benzene , due  to
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com pa rison  to  the  w o rk  ca rried  ou t in th e  sam e  la bo ra to ry  on the  a n a lo g ou s  pos ition  
o f to lu ene  o r th o  m onoo xygenase  (Val 106 m en tio ned  above ). F u rthe r s a tu ra tio n  
m u tagenes is  w o rk  iden tifie d  the  m u tan t I100A  as hav ing  > 16 -fo ld  in c re ase  in 4 - 
n itro ca te cho l p roduc tion  com pa red  to  th e  w ild  type  and th e  d is co ve ry  th a t re s id ue  lie  
100 is im po rta n t in re g io se le c tiv ity  in th is  en zym e .
6 .1 .4 ) D irec ted  evo lu tio n  o f  a lk en e  m ono o x yg en as e
A  m e thod  has a lso  been  de sc rib ed  us ing  e rro r p rone  PCR  fo r  d ire c ted  e vo lu tio n  o f 
a n o th e r ba c te ria l d iiron  m onoo xygenase  re la ted  to  so lu b le  m e thane  m o noo xygen a se  
(P e rry  and  Sm ith , 2006 ). T he  a lke ne  m onoo xygen ase  from  R h o d o c o c c u s  
rh o d o c h ro u s  B 276  w as  e xp ressed  in th e  hos t S tre p to m y c e s  H v id a n s  and  a m u ta n t 
lib ra ry  o f th e  a m o C  gene  c rea ted  us ing  th e  com m e rc ia lly  a va ila b le  G enem o rph  
ra ndom  m u tagene s is  k it (S tra tagene ). T h is  k it c on ta in s  the  M u ta zym e  e rro r p rone  
p o lym e ra se  en zym e  w h ich  has an e a s ily  con tro lla b le  e rro r ra te  and a cco rd in g  to  th e  
m anu fa c tu re r has reduced  m u ta tio na l b ias  com pa red  to  o th e r e rro r p rone  PCR  
en zym es  such  as T a q  po lym e rase . E nan tio se le c tive  GC  ana lys is  w as  ca rried  ou t 
us ing  a ch ira l co lum n  and m u tan ts  w e re  s c re ened  fo r  enhanced  e n a n tio se le c tiv iy  
tow a rd s  th e  sub s tra te  p ropene .
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Here , a m e thod  w as  dev ised  us ing  th e  pT JS175  e xp re ss io n  sys tem  to  c re a te  a 
random  m u tan t lib ra ry  o f th e  m m o X  g ene  and  a rap id  co lo rim e tr ic  a s sa y  d e ve lo p ed  
fo r  h igh  th ro u g h p u t sc re en in g  o f m u tan ts  w ith  th e  a b ility  to  o x id ize  tr ia rom a tic  
com pound s  (F ig . 5 .1 ).
a
rs W
f t  ^
mmoR mmoG mmoX Y B  Z  D  mmoC
I
p T JS 1 7 5  (con ta in ing  
10.1 kb  sMMO  operon)
mmoX Y  B  Z  D  mmoC
1 .3  k b  fr a g m en t  c o n ta in in g  Pcil a n d  FseI  
r e s tr ic t io n  s it e s  w a s  a m p lif ie d  u s in g  e r r o r  
p ro n e  P C R  T h e  fr a gm en t  w a s  d ig e s ted  
w ith  Pcil a n d  Fse I  th en  r e - lig a ted  in to  
pT JS 1 7 5  d ig e s te d  w ith  th e  sam e  en zym e s .
T h e  m u tan t  lib r a r y  w a s  
tr a n s fo rm ed  in to  E.coli 
S17 -1  an d  tr a n s fe r r ed  to  
ex p re ss io n  h o st  Ms. 
trichosporium S M D M  by  
b a c te r ia l c o n ju g a t io n
Fig. 5 .1 ) D ia g ram  sh ow in g  th e  c re a tio n  o f an m m o X  m u ta n t lib ra ry  and  e xp re s s io n  w ith in  
the  sM M O  neg a tiv e  h o s t s tra in  M s. t r ic h o s p o r iu m  SM DM
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5.2  D eve lo pm en t o f a random  m u tag enes is  m e thod  us ing  Tag
po lym erase
5 .2 .1 ) U se  o f  Taq p o lym e ras e  fo r  e r ro r  p rone  PCR
Fo r ra ndom  m u tagene s is  T a q  p o lym e ra se  w as  chosen  to  am p lify  a po rtion  o f th e  
m m o X  g ene  us ing  an  e rro r  p rone  PCR  reac tion . T h e  lack  o f a 3 ’ to  5 ’ p ro o fre ad in g  
a c tiv ity  and  a h igh  in tr in s ic  e rro r ra te  (d epend ing  on  reac tion  cond itio n s ) o f  b e tw een  
10"4 and 10 '6 e rro rs /n u c le o tid e  w ith  th is  e n zym e  m ake  it a pe rfe c t ca n d id a te  fo r  e rro r 
p rone  PCR. A  num be r o f reac tion  cond itio n s  can  be a lte red  to  reduce  th e  fid e lity  o f 
T aq  p o lym e ra se  and  a m e thod  fo r  e rro r p rone  PCR  based  on C adw e ll and  Jo yce  
(1992 ) w as  used  to  in c re ase  th e  m u ta tion  fre q ue n cy  w h ils t reduc ing  th e  m u ta tio n a l 
b ias  as  de sc rib ed  in M a te ria ls  and  M e thods  sec tio n  2 .3 .6 . O ne  o f th e  m a in  
d raw ba cks  o f us ing  T a q  p o lym e ra se  fo r  e rro r p rone  PCR  is th e  p re fe re n ce  o f th is  
en zym e  to  p rodu ce  A ->G  and T - *C  base  pa ir changes . U s ing  m ism a tched  dN TP s  
w ith  a m uch  h ig he r con cen tra tio n  o f dC TP  and dTTP  com pa red  to  th e  co n ce n tra tio n s  
o f dA TP  and dG TP  reduces  th is  m u ta tio na l b ias  (C adw e ll e t  a l. 1992). T aq  
po lym e ra se  re qu ire s  a d iv a le n t m e ta l ca tion  fo r  a c tiva tio n  and  th is  is n o rm a lly  M gC I2 
in a con cen tra tio n  th a t is e q u im o la r to  th e  dN TP  con cen tra tio n . By us ing  a 
con cen tra tio n  o f m agnes ium  in exce ss  o f th e  dN TP  con cen tra tio n  th e  fid e lity  o f T a q  
p o lym e ra se  can  be  g re a tly  d e c rea sed , p o ss ib ly  due  th e  s ta b iliz a tio n  o f non 
com p lem en ta ry  pa irs  (E cke rt and Kunke l, 1991). T he  add itio n  o f M nC I2 has  been  
show n  to  fu r th e r reduce  th e  fid e lity  o f T aq  and  is th o ug h t to  a c t in th e  sam e  w a y  
(B eckm an  e t  a l. 1985). F ina lly  th e  num be r o f PCR  cyc le s  used  g rea tly  a ffe c ts  th e  
fid e lity  o f th e  po lym e rase , as m o re  reac tion  cyc le s  m eans  m o re  chance  o f an e r ro r  in
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amplification (Leung et al. 1989 ). By using these conditions an error rate of 10 - 1 4  
mutations/kb was ach ieved (confirmed by sequencing of five cloned PCR  products) 
[Fig. 5 .2 ]
Fig 5 .2 ) Part ial sequence  data of mmoX  from  w ild type Ms. trichosporium O B3b  show ing base  
change s from  a random  mutant  library clone . Base  ch ange s from  the mutant  library clone  are  
show n in red below  the w ild type O B3b  sequence .  Correspond ing t ranslat ed protein data from  
wild type Ms. trichosporium O B3b  (blue) and mutant  library clone  (green) with am ino acid  is 
boxedchanqes highlighted in red.
5.2 .2) C reating  the  random  m u tan t lib raries
In order to insert the error prone PCR  fragment into the sM MO  operon two unique  
restriction sites needed  to be found that could be used as an exchangeab le  cassette . 
The  Pci\IFse\ w as chosen as it w as the largest possible exchangeab le  cassette  
within the mmoX region that was available  w ithout engineering of the rest o f the  
plasmid. Th e  Pci\/Fse\ cassette  is 790  bp in size and encodes for am ino  acids 1 -  
167 of mmoX. Taq m utagenesis  was  carried out using primers T rm u tp l and  
Trm utP2 (Tab le  5 .1 ) and amplifies a 1281 bp fragm ent flanking the Pc/I site and Fsel 
restriction sites. The  error prone PCR  product was  digested with these enzym es  and  
ligated into the larger fragm ent o f pTJS175  also digested with Pc/I and Fsel (Fig. 5 .1 ).
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5 .2 .3 ) T ra n s fo rm a tio n  o f  E. coli S 17-1
The  E. c o l i  co n juga tive  s tra in  S17-1 p roved  a d iff ic u lt s tra in  to  tra n s fo rm . A  num be r 
o f m e thod s  w e re  tr ied  to  tra n s fo rm  th e  E . c o l i S17-1 s tra in  in c lud ing  us ing  C aC b  
p repa red  com pe te n t ce lls  and a hea t sh o ck  m e thod  (S am b rook  e t  a l. 1992). A  h igh  
e ff ic ie n cy  tra n s fo rm a tio n  m e thod  (H anahan ,1 983 ) and  e le c tro p o ra tio n  w e re  a lso  
used  as de ta iled  in M a te ria ls  and M e thod s  sec tio n  2 .5 . Fo r hea t sho ck  
tra n s fo rm a tio n  m u tan t lib ra rie s  w e re  1-7 x 102 co lo n ie s  in s ize, w he rea s  
e le c tro p o ra tio n  and H anahan  tra n s fo rm a tio n  m e thods  w e re  ty p ic a lly  1 -  3 x 103 in 
s ize . T he  m u tan t lib ra ry  w as  tra n s fo rm ed  in to  E. c o l i  S17-1 ce lls  us ing  th e  H annahan  
h igh  e ff ic ie n cy  m e thod  de sc rib ed  above  and  tra n s fo rm ed  in to  M. t r ic h o s p o r iu m  
SMDM  v ia  bac te ria l con juga tio n  (M a te r ia ls  and M e thod s  sec tio n  2 .6 ). E x con ju g an t 
co lo n ie s  w e re  v is ib le  a fte r 5 -7  days  and pa tch  p la ted  on to  NMS  p la tes  co n ta in in g  
s tre p tom yc in , sp e c tin om yc in , na lid ix ic  ac id  [20  pg /m l] and g en tam ic in  [5 pg /m l]. 
T yp ica lly  th e  m u tan t lib ra ry  s ize  and sub sequ en t c on juga tio n  ra te s  w e re  low  w ith  
random  m u tan t lib ra rie s  be ing  1 -  3 x 103 c lones  in s ize.
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P r im e r S equen ce  5 ’-3 ’ D esc rip tion
T rm u tP I G CGG T  C ACT  C A TATTCC 210bp  U ps tream  o f Pc/'l
T rm u tP 2 CGG A TC A TTG G CG ATCG 281 bp D ow ns tream  o f Fse l
T ab le  5.1 )S e q u e n ce s  fo r  p r im e rs  used  fo r  e rro r  p ro ne  PCR  o f m m o X  g ene
5.3  D e v e lo pm en t o f  a c o lo r im e tr ic  m e th od  fo r  d e te c tin g  o x id a tio n  o f  
tr ia rom a tic  c om pound s
In o rde r fo r  d ire c ted  e vo lu tio n  s tud ie s  to  be  e ffe c tive , a su ita b le  m e thod  o f s c re en in g  
m u tan ts  fo r  the  des ired  fu n c tio n  needed  to  be de ve loped . A  m od ifica tio n  o f th e  
n a ph tha lene  o x ida tion  a ssa y  has a llow ed  e ff ic ie n t sc re en in g  fo r  th e  o x id a tio n  o f 
tr ia rom a tic  com pounds  p h enan th re n e  and  a n th ra cene . A s  m en tioned  in c h a p te r 3, 
th is  co lo rim e tr ic  a ssa y  show ed  s im ila r d e te c tio n  lim its  fo r  bo th  1 -nap tho l and  9- 
phenan th ro l (F ig . 3 .5 ). E ach  p la te  w as  in cuba ted  a t 30 °C  fo r  1 h in a sea led  
con ta in e r w ith  a few  c rys ta ls  o f n a ph tha lene  o r p h enan th rene . C lones  p o s itiv e  fo r  
ox id a tion  w e re  iden tified  by th e  pu rp le  co lo u r seen  upon  add ition  o f te tra zo it iz e d -o - 
d ia n is id in e  [5 m g /m l]. W ood  and co -w o rke rs  re po rted  a s im ila r m e thod  to  m easu re  
ox ida tion  o f bo th  phenan th re n e  and an th ra cene  us ing  a s p e c tro p h o tom e te r to  
q u an tify  th e  co lou red  p rodu c t (C anada  e t  a l. 2004 ).
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5 .4  U se  o f G en em o rph  random  m u tag enes is  k it to  c rea te  random  
m u tan t lib ra ries
5 .4 .1 ) A  n ew  m e thod  fo r  m u ta g en es is  w ith  redu ced  m u ta tio n a l b ias  and  m o re  
co n tro lla b le  e r ro r  rate
A f te r s c reen ing  1200  m u tan ts  gene ra te d  by  random  m u tagene s is  us ing  T a q  
p o lym e ra se  e rro r p rone  PCR, no a c tiv ity  tow a rd s  tr ia rom a tic  com pounds  w as  
de tec ted . It has been  show n  th a t h ig he r m u ta tion  ra tes  us ing  e rro r p rone  PCR  g ive  
rise  to  th e  m os t un ique  se q uen ce s  ye t fe w  re ta in  fu n c tio n  and con ve rse ly  th a t low  
m u ta tion  ra tes  show  m any  fu n c tio n a l seq uen ces  ye t few  a re  un ique  (Suzuk i e t  a l, 
1996; D rumm ond  e t  a l. 2005 ). It w as  th o u g h t th a t p o ss ib ly  th e  m u ta tion  ra te  o f T a q  
p o lym e ra se  w as  to o  h igh  o r th e  m u ta tio na l b ias  w as  e xc lu d ing  th e  des ired  m u tan t. 
T he  G enem o rph  II random  m u tagene s is  k it (S tra tagene ) con ta in s  th e  M u ta zym e  
po lym e ra se  w h ich  a cco rd ing  to  th e  m anu fa c tu re rs  has no m u ta tiona l b ias  and  has  a 
con tro lla b le  e rro r ra te. By us ing  th e  M u ta zym e  po lym e ra se  and a lte ring  th e  am oun t 
o f DNA  tem p la te  in the  reac tion  it is po ss ib le  to  in flu ence  th e  n um be r o f e rro rs /kb . 
T he  low e r th e  am oun t o f ta rg e t tem p la te  th e  m o re  am p lific a tio n s  a re  ca rried  o u t and  
th e  h ig he r th e  e rro r ra te. Up to  100 ng ta rg e t DNA  tem p la te  is requ ired  fo r  a h ig h e r 
m u ta tion  fre q ue n cy  o f 9 -14  m u ta tion s /kb . A  m ed ium  m u ta tion  fre q ue n cy  o f 4 .5 -9  
m u ta tio n s /kb  is a ch ie ved  w ith  100 -500  ng ta rg e t DNA  and  a low  m u ta tion  fre q u e n c y  
o f 0 -4 .5  m u ta tio n s /kb  is ach ie ved  by us ing  50 0 -1000  ng ta rg e t DNA. Fo r th e  random  
m u tagenes is  re ac tion s  200  ng ta rg e t DNA  w as  used  to  a ch ie ve  a m ed ium  m u ta tio n  
fre q ue n cy  a round  ha lf th a t o f th e  T aq  e rro r p rone  PCR. T he  1281 bp ta rg e t w a s  f irs t
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am p lified  by h igh  f id e lity  P fu  p o lym e ra se  us ing  p r im e rs  T rm u tp l/T rm u tp 2  (T ab le  5.2 ) 
and th e  PCR  p ro du c t used  as  tem p la te  fo r  th e  e rro r p rone  PCR  reac tions . A  
N anod rop  s p e c tro p ho tom e te r w as  used  to  m easu re  th e  s ta rting  tem p la te  DNA  
concen tra tio n s . A  m u ta tion  fre q ue n cy  o f 5 -10  m u ta tio n s /kb  w as  ach ie ved  us ing  th is  
m e thod  (con firm ed  by sequenc ing  o f th re e  c loned  PCR  p roduc ts ). T he  G enem o rph  
PCR  p rodu c t w as  d o ub le  d ig es ted  w ith  F s e I and  P c i\ and liga ted  in to  pT JS175  as 
w ith  th e  taq  random  m u tagene s is  and tra n s fo rm ed  by e le c tro p o ra tio n  in to  E .c o l i  S 17 - 
1. A s  w ith  th e  p re v iou s  ro unds  o f ra ndom  m u tagene s is  w ith  T aq  p o lym e ra se , th e  
m u tan t lib ra ry  g e ne ra te d  in E. c o l i S17-1 w as  tra n s fe rre d  to  M s. t r ic h o s p o r iu m  
SMDM  by bac te ria l con juga tio n . E xcon ju gan ts  w e re  pa tch  p la ted  on to  NMS  aga r 
p la tes  con ta in tin g  s tre p tom yc in  and  spe c tin om yc in  [20  pg /m l], E xcon ju gan ts  w e re  
sc reened  fo r  o x id a tion  o f p henan th re n e  and an th ra cene  us ing  the  m e thod  de sc rib e d  
above  how eve r on ce  aga in  no a c tiv ity  w as  de tec ted .
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5 .5 .1 ) T h e  c o lo r im e tr ic  d e tec tio n  o f  tr ia rom a tic  o x id a tio n
The  use  o f te tra zo tiz e d -o -d ia n is id in e  as a co lo r im e tr ic  te s t to  d e te c t o x id a tio n  o f 
tr ia rom a tic  m akes  th e  d ire c ted  e vo lu tio n  tow a rd s  ox id a tio n  o f tr ia rom a tic s  a d is tin c t 
p o ss ib ility  and  by re fin ing  th e  m e thods  d e sc rib ed  he re  it shou ld  be  po ss ib le  to  
id e n tify  th e  s tru c tu ra l e lem en ts  w ith in  w ild  typ e  m m o X  th a t p re ven t th e  o x id a tio n  o f 
th e se  la rg e r com pounds
5 .5 .2 ) E. coli s tra in  S17-1  is d iff ic u lt  to  tra n s fo rm
A lth ough  random  m u tagenes is  w as  no t su cce ss fu l in p roduc ing  a m u tan t th a t cou ld  
o x id ise  tr ia rom a tic  com pounds , a n um be r o f te ch n ica l d iffic u ltie s  w e re  o ve rcom e  and  
fu tu re  re fin em en t o f th is  m e thod  m ay  lead to  g re a te r succe ss  in th e  d ire c ted  
evo lu tion  o f sMMO . O ne  m a jo r d iff ic u lty  e n coun te re d  w ith  th is  sys tem  w as  th e  d ire c t 
tra n s fo rm a tio n  in to  the  con ju ga tive  E. c o l i  S17-1 s tra in . In th e  c rea tion  o f s ite  
d ire c ted  m u tan ts  (see  M e thods  sec tio n ) th e  liga tio n  reac tion s  a re  f irs t tra n s fo rm ed  
in to  a s tra in  o f E .c o li such  as XL-1 o r com m e rc ia lly  a va ila b le  s tra in s  th a t have  a 
m uch  g re a te r tra n s fo rm a tio n  e ffic iency . S uch  a s tra te g y  w as  ju d ged  u n a ccep ta b le  fo r  
c lon in g  o f lib ra rie s  (i.e . la rge  m ixed  popu la tio n s ) o f m u tan ts  b e cause  it w as  
cons ide red  th a t tw o  rounds  o f am p lifica tio n  o f th e  lib ra ry  in E. c o l i w ou ld  g re a tly  b ias  
th e  m u tan t lib ra ry  be fo re  it cou ld  be sc re ened  in M s. tr ic h o s p o r iu m .  A  n um be r o f 
d iffe re n t m e thod s  w e re  in ves tiga ted  fo r  tra n s fo rm a tio n  o f E .c o li  S17-1 to  ob ta in  an 
a ccep ta b ly  h igh  tra n s fo rm a tio n  fre quency . T h e  H anahan  m e thod  p rodu ced  m u ta n t 
lib ra rie s  up to  3 x 103 c lo nes  in s ize. By us ing  e le c tro p o ra tio n  to  tra n s fo rm  th e  ce lls
5.5  S um m a ry
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the  s ize  o f th e  lib ra ry  in c reased  to  1 *  104 c lones ; h ow eve r th is  is s till a re la tive ly  
sm a ll m u ta n t lib ra ry . F u rthe r c hanges  in th e  p repa ra tio n  o f e le c tro com pe te n t E. c o l i  
S17-1 m ay  lead to  in c reased  tra n s fo rm a tio n  e ff ic ie n cy  and  la rge r m u ta n t lib ra ries .
5 .5 .3 ) D iff ic u lt ie s  e n cou n te re d  du rin g  th e  c lo n in g  s tag e s
A no th e r m a jo r o b s ta c le  to  g e ne ra tio n  o f lib ra rie s  o f ra ndom  m u tan ts  o f m m o X  th a t 
has been  o ve rcom e  s ince  th e  w o rk  in th is  ch a p te r w as  pe rfo rm ed  re la te s  to  th e  
exp re ss io n  vec to r. In the  w o rk  de sc rib e d  above  the  pT JS 175  e xp re ss io n  sys tem  
w as  used  and so  Pc/'l and  F se l re s tric tion  s ite s  had to  be  used  as an e x ch ang eab le  
casse tte . T hese  en zym es  a re  bo th  ve ry  un s ta b le  and  o ften  d id  no t d ig e s t th e  DNA  
we ll, m ak ing  th e  c rea tion  o f th e  ra ndom  m u tan t lib ra ry  d ifficu lt. M u ltis te p  c lon ing  
s tra teg ie s  th a t w ou ld  have  a llow ed  m u tagene s is  o f a la rg e r c a sse tte  us ing  m o re  
s tab le  re s tric tion  en zym es  w e re  a vo ided  b e cause  (as de ta ile d  above ) it w as  
con s ide red  th a t th e  lib ra ry  shou ld  no t be am p lifie d  m o re  than  once  in E. co li.  T he  
780bp  P c i\-F s e \  fra gm en t on ly  a llow s  fo r  167 am ino  ac id s  w ith in  th e  m m o X  g e ne  to  
be  m u ta ted . T h is  is on ly  32%  o f th e  to ta l p ro te in  and  so  m ay  m iss  c ru c ia l am in o  
ac id s  w h ich  need  to  be m u ta ted  in o rd e r fo r  tr ia rom a tic  o x id a tio n  to  ta ke  p lace . In 
la te r cha p te rs  th e  e xp re ss io n  sys tem  pT2M L  is de sc ribed , w he re  BamHI/A /cfe l s ite s  
can  be used to  c lone  a 0 .98kb  ca sse tte  w h ich  w ou ld  in c re ase  th e  am oun t o f  m m o X  
th a t cou ld  be m u ta ted . H ow eve r th is  e xp re ss io n  sys tem  w as  no t a va ila b le  w hen  
th e se  e xpe rim en ts  w e re  ca rried  ou t.
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C hap te r  6: C ons tru c tio n  o f a n ew  exp ress io n  v e c to r  pT2M L
8.1 In troduc tio n
6.1 .1 C lo n in g  us ing  th e  p T JS 14 0 /p T JS 17 5  e x p re s s io n  sy s tem
The  cu rre n t e xp re ss io n  sys tem  used fo r  s ite  d ire c ted  m u tagene s is  uses  th e  b road  
hos t e xp re ss io n  ve c to r pT JS140  to  a llow  c lon in g  o f m u tan ts  in E. c o l i and 
s u b sequ en t e xp re ss io n  in M s. tr ic h o s p o r iu m  (Sm ith  e t  a l. 2002 ). T h is  p la sm id  
c on ta in s  am p ic illin , sp e c tin om yc in  and  s tre p tom yc in  re s is tan ce  m a rke rs  and  con ta in s  
an o rig in  o f con ju ga tive  tra n s fe r (o r/7 ) and  the  b road  hos t rep licon  from  p la sm id  RK2 
{o r i-R K 2 )  (F igu rsk i e t  a l. 1979, B la tny  e t  a l. 1997, S co tt 2003 ). By us ing  th is  sys tem  
DNA  m od ific a tio n s  can  be m ade  in E. c o l i s tra in s  and th e  re su lting  p la sm id  
tra n s fe rre d  to  an sMMO  nega tive  m e thano troph  hos t s tra in  v ia  ba c te ria l con ju ga tio n  
as m en tioned  in th e  M a te ria ls  and M e thods  cha p te r (sec tion  2 .6 ). T h is  sys tem  
a lth ough  e ffe c tive  can  be  a s low  p rocess  b e cause  sub c lon in g  w ith in  th e  p la sm id  
pT JS 176  is requ ired  fo r  DNA  m an ip u la tio n s  w ith in  m m o X  be fo re  th e  w ho le  10.1 kb 
ope ron  is c loned  in to  pT JS140 . T h is  requ ire s  tw o  c lon ing  s teps  and th e  in se rtion  o f a
10.1 kb inse rt in to  an 8 kb v e c to r w h ich  can  be  a d iff ic u lt c lon ing  s tep . T h is  c h a p te r 
d e sc rib e s  th e  m od ifica tio n  o f the  pT JS140  sys tem  to  rem ove  th e  need  fo r  th e  
sub c lon in g  s tep  and  a llow s  fo r  d ire c t c lon in g  in to  th e  sM M O  ope ron  v ia  a 0 .98  kb 
e xchangeab le  casse tte . T h is  new  exp ress ion  sys tem  a lso  a llow s  fo r  e a s ie r s c re e n in g  
o f E. c o l i co lo n ie s  by  PCR  to  iden tify  p la sm id s  con ta in in g  th e  des ired  c o n s tru c t (F ig .
6 .1).
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Ndel a n d  f i r s t  BamHI s i t e  r e m o v e d  f r o m  
p T JS 1 4 0  b y  4  p r im e r  o v e r l a p  P C R  t o  
c r e a t e  p l a sm i d  p TN 1
s/a
J_
Delete  516 bp region  of 
mmoX using  Pstl 
restriction sites
J\rJA i-v  . . j . .  w tm t iil 
o r i r  rep lica tion  p ro te in
Ap* gem
Sm/Sp®
Se c o n d  u n w a n t e d  BamH\  s i t e  r e m o v e d  
b y  i n f i l l i n g  u s i n g  T 4  p o l y m e r a s e  t o  
c r e a t e  p l a sm i d  p T N 2
mmoR mmoG AmmoX mmoY mmoB mmoZ orfY mmoC
s/a
v f  essen tial 
o r lY  rep lica tion  p ro te in
A p*
la c Z ’
C lone  sM M O  operon  in to  
pTN2 v ia  Kpnl s ite
o r iT Sm /Sp*
I
C lone AmmoX 
containing fragm ent into  
sMMO operon  within  
pTJS176to  create pDIDI
i f
I I I I
mmoR
Sm /SpP
mmoG AmmoX mmoY mmoB mmoZ orfY
D irec tion  o f  
interrupted lacZ ’
oriT ApP o r i l ' TrfA e ssen tia l 
rep lica tionpro teu i
Fig 6 .1 ) D iagram  show ing the st age s in rem oving Bam H I and Ndel sit es from p TJS1 4 0  and  
subsequent  creat ion of new  expression  vector pT2M L. Delet ion of the 516bp region, cloning of the  
modified operon into pTN 2  and creat ion of cloning vector pDID I w ere carried out  by Dr M alcolm  Lock  
(Sheffie ld Ha llam  University).
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6 .2  C ons tru c tio n  o f n ew  exp ress io n  vec to r: p T 2M L
6.2 .1 ) M od ifica tion  o f pTJS140  to  rem ove  Bam HI and Nde\ s ites
As mentioned above  the pTJS 175  expression system  required a subcloning step into 
the  plasm id pTJS176 . For every  mutant created  using the pTJS 175  expression  
system  two cloning steps were  required. By removing the BamH I and /Vc/el sites from  
pTJS140 , a new  expression vector was created  that allowed direct cloning into the  
sMMO  operon via a BamHl/Ndel cassette.
P rim er Sequence  5 - 3 ’ Description
TN140p1 CAC  G CG  AGG  AAC  TA T  GAC  GAC  CAA  GAA  GC Upstream  external primer
TN 140p 2 G TA  C TT  C TC  CCA  G AT  GAA  T T T  C G T  G TA  G Reverse /com p lem en t of 
primer 3 below.
TN 140p 3 TAC  ACG  AAA  TTC  A TC  TG G  GAG  AAG  TAC Mutagen ic  prim er to 
rem ove Ndel, rem nan t of 
Ndel site underlined; 
mutation double underlined
TN 140p 4 G TCG  A C T  C TA  GAG  GAC  CCC  CGG  G TA  CCG  AG Xbal site underlined; 
mutation double  
underlined. Asp codon  
shown in bold
T a b le  6 .1 : S equ e n ce s  o f  p r im e rs  u sed  fo r  rem ova l o f an  N d e \  re s tr ic tio n  s ite  and  one  B am H I re s tr ic tio n  s ite
by  4  p r im e r o ve r la p  P CR  from  p la sm id  pT JS 140
6.2 .2) Rem ova l o f  Ndel and  firs t BamHI s ite  from  pTJS175
The  first s tage in the creation o f the new  expression vector is to modify the broad  
host range expression vector pTJS140  by removing the Ndel site and the nearby  
BamH I site to create  plasm id pTN1. A  four prim er overlap  extension PCR  method as  
described in the M aterials  and Methods chapter (see  section 2 .3 .5 )  was used to 
remove the Ndel and one o f the BamHI sites using the primers in Tab le  6 .1 . The
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removal o f the  A/c/el site was done by making a silent change with respect to the  
encoded  am ino acids and the a lternative lie codon is the most abundan t in both E. 
coli and Ms. trichosporium genes. Th e  removal o f the  B am H I site is also a silent 
change and the Asp codon the most abundant in both E. coli and Ms. trichosporium 
(Tab le  6 .1 ). These  sites a re  contained within the lacL and trfA essentia l replication  
protein and by making silent changes a stable working plasm id vector with a  
functional lacZ gene  for b lue/white selection was  main tained  (Fig. 6 .1 , T ab le  6 .1 ).
Th e  two primary PCR  products w ere  6 4 9  bp (TN 140p 1 /TN 140p 2  upstream  fragment) 
and 913  bp (TN 140p 3 /TN 140p 4  downstream  fragment) and these upstream  and  
downstream  fragments w ere  used to crea te  the 1534  bp combinatorial P C R  product 
using primers TN 140p1  and TN 140p 4  (Fig. 6 .2 ). T h e  1534  bp fragm ent w as  digested  
with Sfi\ and Xba\, to give a 1447  bp fragm ent that was purified from  a 1%  agarose  
gel using the Q iagen  gel extraction kit. In parallel, the pTJS 140  vector w as  also  
digested with Sfi\ and Xba\ and the larger fragm ent was purified from  a 1%  agarose  
gel before being treated  with a lkaline phosphatase. Th e  1447  bp insert and  
phosphatase treated  vector w ere  ligated using T 4  DNA  ligase and transform ed into 
chem ically competent E. coliXL1 and grown on LB agar plates containing 100 pg/m l 
ampicillin. T ransform ant colonies containing the putative progeny plasm id w ere  
grown overnight in LB containing ampicillin and the plasm id isolated using the  
Q iagen  m iniprep kit.
The  new  plasm id (p TN 1) was  identified on the basis that it only cut once when  
digested with B amH l (confirm ing removal o f 1 x B am H l site) and by no cutting w hen  
digested with A/cfel. Th e  plasm id was also double  digested with Sfi\ and Xba\ to
142
confirm  the presence o f a 1447  bp fragm ent indicating that the insert used to create
pTN1 was still intact.
M 1 2 M 3
Fig. 6 .2A ) 1%  A g a ro se  ge l sh ow in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) 6 4 9  bp  u p s tre am  (1 ) and  9 13  bp 
d ow n s tre am  (2 ) PCR  p ro d u c ts  u sed  fo r  4  p r im e r m u ta gene s is .
F ig. 6 .2B ) 1%  A g a ro se  ge l s h ow in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) 1534  bp  c om b in a to r ia l PCR  
p ro d u c t (3 ) w ith  rem oved  N d e l  a nd  B a m H I  s ite s  c re a te d  b y  fo u r  p r im e r o ve r la p  PCR
6 .2 .3 ) R em ova l o f fina l BamHI s ite
In order to use the BamH I and A/c/el sites within the sM MO  operon for direct cloning  
in the new  expression vector, the  final BamH I site within pTN1 was also removed  by 
in-filling to crea te  pTN2. Th e  pTN1 plasm id was  digested with B am H I and the  
linearized DNA  was purified from  a 1%  agarose gel and treated  with T 4  po lym erase  
in the presence o f buffer and dNTPs  to fill in the sticky ends to crea te  blunt ends.
The  blunt ends w ere ligated using T 4  DNA  ligase and transformed into chem ically  
competent E. coli XL1 and grown on LB agar p lates containing ampicillin. 
Transform ant colonies w ere grown overnight in LB containing ampicillin and plasm id  
DNA  isolated by m eans of a m iniprep kit. Th e  correct plasm id was  identified on the  
basis that it did not cut when  digested with e ither B amH I or Ndel, showed a 1447bp  
fragm ent when  double digested with S/7I and Xbal, and showing linear DNA  when  
digested with Kpn\ (Fig. 6 .3 ).
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Fig 6 .3A ) 1%  A g a ro se  ge l s h ow in g  1kb  g e n e ru le r  D N A  m a rk e r  (M ), pTN1 p a rtia lly  d ig e s te d  u s ing  S f i l 
a nd  X b a l  c o n firm in g  1447bp  in se rt fra gm e n t (1 )
F ig 6 .3B ) 1%  A g a ro se  ge l s h ow in g  1kb  g e n e ru le r  D N A  m a rk e r (M ), u n cu t pTN1 d ig e s te d  u s in g  B a m H I  
and  N d e l  (2 ) and  lin e a r pTN 2  d ig e s te d  u s ing  k p r t l  (3 )
6.2 .4 ) De le tion  o f 516 bp fragm en t from  mmoX
In order to facilitate the screening process for successful transformation o f site  
directed mutants o f mmoX, a 516  bp section was removed from  the SamHI/A/cfel 
exchangeab le  cassette that includes most o f mmoX. This work was carried out by Dr  
Malcolm  Lock (Sheffie ld Hallam  University). The  use o f a shortened mmoX g ene  
within the new  expression vector was designed to have two benefits. Firstly, only  
successful ligation o f a complete  BamH\/Nde\ cassette  would encode an active  
sMMO  enzym e so any  activity observed was  due to a recombinant clone and not 
due to a wild type phenotype resulting from re-circularization o f the expression vector. 
Secondly, by using PCR  primers flanking the  BamH\INde\ sites, PCR  could be used  
to identify colonies containing plasm ids with the desired insert w ithout the need  to 
grow  individual clones in liquid culture overnight and carry out m iniprep plasm id
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iso la tio n . To  a ccom p lish  th is  pa rtia l de le tion  o f m m o X  1624  bp PCR  fra gm en t 
con ta in in g  th e  B a m H l/N d e l e x ch ang eab le  ca sse tte  w as  am p lifie d  from  th e  sMMO  
ope ron  us ing  p r im e rs  P 1 /P 4  (T ab le  6 .2 ) and  pT JS175  as th e  DNA  tem p la te . T he  
0 .98  kb B amH I ca sse tte  a lso  con ta in s  tw o  Pstl s ite s  w h ich  w e re  used  to  rem ove  th e  
516  bp fra gm en t from  the  e xch ang eab le  casse tte . T he  1646  bp fra gm en t w as  
d ig es ted  us ing  P s tl to  g ive  th re e  fra gm en ts  a 756  bp fra g em en t (P1 to  f irs t P s t l s ite ), 
a 516 bp fra gm en t (1st P s tl s ite  to  2 nd P s tl s ite ) and  a 372 bp fra gm en t. T h e  758  bp 
and 372  bp fra gm en ts  w e re  pu rifie d  from  a 1% aga ro se  ge l us ing  the  Q iagen  ge l 
e x tra c tio n  kit and  liga ted  us ing  T4  DNA  ligase  o ve rn ig h t a t 4 °C. T he  L igase  reac tion  
m ix  w as  used as a DNA  tem p la te  fo r  am p lific a tio n  o f a 1.1 kb fra gm en t by PCR  us ing  
th e  P1 and P4 p rim e rs . T h is  fra gm en t w as  d ig e s ted  w ith  B amH I and N d e l and 
liga ted  in to  th e  la rg e r fra gm en t o f pT JS 176  d ig es ted  w ith  th e  sam e  en zym es  and 
tre a ted  w ith  a lka lin e  pho spha ta se  to  c rea te  th e  p la sm id  pD ID I (F ig. 6 .1 ).
6 .2 .5 ) S ub c lo n in g  th e  m od ified  sM M O  op e ron  in to  pTN1
The  sMMO  ope ron  con ta in in g  th e  m m o X  d e le tion  w as  e xc ised  from  pD ID I us ing  
fla n k ing  K p n I s ite s  and c loned  in to  the  un ique  K p n I c lon ing  s ite  w ith in  th e  la c Z  g e ne  
o f pTN2. T he  liga tion  m ix tu re  w as  tra n s fo rm ed  in to  E. c o li XL1 su p e rcom pe te n t ce lls  
(s tra tagene ) and p la ted  on to  LB ag a r p la tes  con ta in in g  am p ic illin  X ga l and  IPTG .
B lue  and w h ite  se le c tion  w as  used  to  iden tify  p la sm id s  con ta in in g  a d is ru p te d  la c Z  
gene  ind ica ting  succe ss fu l c lon in g  w ith in  th e  K p n  I s ite . T he  pu ta tive  p la sm id  
con ta in in g  co lon ie s  w e re  g row n  o ve rn ig h t in LB con ta in in g  am p ic illin  and p la sm id ic  
DNA  iso la ted  by m in ip rep . T he  p la sm id s  w e re  d ig e s ted  w ith  K p n l to  con firm  th e  10 .2  
kb sM M O  ope ron  con ta in in g  inse rt. T o  con firm  the  co rre c t o r ie n ta tio n  o f th e  10 kb
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insert within the pTN2  vector, restriction pattern analysis was  carried out by digestion  
with Xba\. If the sM MO  operon was  inserted in the correct orientation then digestion  
with Xba\ would show  a band at ~2 .2  kb and a band >10  kb in size  (Fig. 6 .4 ). To  
confirm the correct orientation of the insert, the plasm id was also digested with PvuW 





F ig  6 .4A ) P red ic te d  b a nd in g  p a tte rn  o f 
p T 2M L  d ig e s te d  w ith  X b a l.(N e b cu tte r , N ew  
E ng land  B io la b s
F ig 6 .4B ) 1%  A g a ro se  ge l s h ow in g  1kb 
g e n e ru le r  D N A  m a rk e r  (M ) and  pT 2M L  
d ig e s te d  w ith  X b a l  (1).
1000bp
Fig 6 .5A ) P red ic te d  b and in g  p a tte rn  o f 
p T 2M L  d ig e s te d  w ith  PvuW
F ig 6 .5B )1%  A g a ro s e  ge l s h ow in g  1kb  
g e n e ru le r  D N A  m a rk e r  (M ) a nd  pT 2M L  
d ig e s te d  w ith  PvuW .
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6 .3  A ssess in g  th e  e ffic ien cy  o f  p T 2M L
6.3 .1 ) E xpress ion  o f  recom b in an t w ild -typ e  sMMO  in pT2ML
To  assess the efficiency o f the new  expression system , a recombinant "wild type" 
was created  that would restore wild type activity to the sM MO  negative expression  
host using the new  expression system . This plasm id designated  p T 2M L .W T1A  was  
compared against wild type Ms. trichosporium OB3b  to analyse the  efficiency o f the  
expression system . Th e  W T 1A  plasm id w as  created  by amplification o f a 1 .6  kb 
fragm ent from  the sM MO  operon by PCR  using pTJS 176  as the tem p la te  and  
primers P1 and P4 which flank the BamHUNdel exchangeab le  cassette  (T ab le  6 .2 ).
Primer Sequence 5 ’-3 ’ Location
primer PI ATTCGAGCTCAAACGTTCGAAC upstream o f  Ndel site
primer P4 GGGCTCTCGACGCCATATTTG downstream o f  BamHI site
T a b le  6 .2 ) S equ e n ce  o f  p r im e rs  used  fo r  s c re e n in g  o f  tra n s fo rm a n t c o lo n ie s  by  c o lo n y  
tem p la te  PCR
The  PCR  product was purified, d igested with BamH I and Ndel and ligated into the  
pT2M L  expression vector using the  sam e enzym es. Th e  ligation reaction m ixture  
was transformed into chem ical competent E. coli XL1 and transform ant colonies  
were screened  using colony PCR  with the P1and P4 primers as described in the  
Materia ls  and Methods chapter. Potential successful transformations w ere  identified  
by a  - 1 .6  kb PCR  product (Fig. 6 .6 ). Any  colonies containing pT2M L  plasm id w ithout 
insert w ere  identified by a -1 .1  kb PCR  product and w ere  discarded as w ere  any  
colonies failing to give a PCR  product. Potential pT2M L .W T1  containing colonies  
were incubated overnight in liquid LB broth containing ampicillin and plasm ids w ere
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purified by m iniprep. The  correct expression plasm id was confirmed by DNA  
sequencing. Th e  p T 2M L .W T1A  plasm id was transformed into E. coli S 17-1  and  
transferred to the sM MO  negative host strain Ms. trichosporium SM DM  by 
conjugation as described in the M ateria ls  and Methods chapter. T h e  W T 1A  mutant 
was grown in liquid culture and on agar plates at a low copper to b iomass ratio to 
induce expression o f sMMO . The  activity o f W T 1a  was  confirmed by a positive 
naph thalene test.
Fig 6 .6 ) 1%  a g a ro se  ge l sh ow in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) and  p ro d u c ts  from  a 
c o lo n y  PCR  sc reen . S u cce ss fu l lig a tio n  o f  B am H I/N d e l d ig e s te d  in se rt in to  p T 2M L  s h ow s  a 
1 .6kb  p ro d u c t (1). R e c irc u la r is e d  v e c to r  sh ow s  1.1 kb  p ro d u c t (2, 3).
M 1 2
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6 .3 .2 ) C om pa ris o n  o f  w ild  typ e  O B 3b  and  p T 2M L .W T 1A  a c tiv it ie s  tow a rd s  
n aph th a len e
A  50 m l cu ltu re  o f M s . t r ic h o s p o r iu m  SMDM  (pT 2M L .W T1A ) ce lls  in NMS  m ed ium  
w as  used  to  ino cu la te  a 5 I fe rm e n to r w ith  th e  sam e  m ed ium . M e thane  gas  and  a ir 
w e re  pum ped  th rough  a t a 5:1 ra tio  and  the  tem pe ra tu re  w as  m a in ta in ed  a t 30°C  
(see  sec tio n  2 .1 .2 ). T he  ce lls  w e re  te s ted  fo r  sM M O  ac tiv ity  us ing  th e  n a ph tha le n e  
te s t and a fte r 3 w eeks  a s tro ng  pos itive  reac tion  w as  de tec ted . The  ce lls  w e re  then  
ha rves ted , re suspended  in a m in im a l am oun t o f 25  mM  MOPS  (1 mM  benzam id ine ,
1 mM  DTT, DNAse  [20  pg /m l]) and d rop  fro zen  in liqu id  n itrogen  and s to red  in th e  - 
80°C  freeze r. A  50 m l cu ltu re  o f w ild  type  M s. t r ic h o s p o r iu m  O B3b  w as  a lso  g row n  
up in th e  5 I fe rm en to r, h a rves ted  and  s to red  in th e  sam e  w ay  a fte r a po s itive  
n a ph tha lene  te s t had been  de tec ted . Fo r bo th  ba tche s  o f ce lls  a t ha rve s t th e  O D 6 oo  
w as  > 5. A n  a p p ro x im a te  va lue  fo r  th e  ra te  o f n a ph th a le n e  ox ida tion  w as  m easu red  
us ing  th e  sp e c tro p ho tom e te r as de sc rib ed  in th e  M a te ria ls  and M e thods  se c tio n . T he  
ce lls  w e re  in cuba ted  a t 30 °C  shak ing  a t 180 rpm  fo r  60  m in  then  reac tion  s to p ped  
by in cuba tin g  on ice fo r  a fu r th e r 5 m in. T he  ce lls  w e re  pe lle ted  a t 17 ,000  *  g  and  th e  
supe rn a ta n t used fo r  th e  spe c tro p ho tom e tr ic  assay . A  1% TO D  so lu tion  w as  added  
to  each  cuve tte  and  th e  co lo u r fo rm a tio n  reac tion  w as  a llow ed  to  ta ke  p la ce  fo r  15 s 
be fo re  be ing  quenched  by th e  add itio n  o f 120 pi g la c ia l a ce tic  ac id . T he  a b so rb a n ce  
a t 540 nm  w as  re co rded  and p lo tted  ag a in s t a s tanda rd  cu rve  o f 1 -naph tho l. T h e  
W T1A  ce lls  show ed  a s lig h tly  h ig he r a c tiv ity  tow a rd s  naph tha le n e  than  the  O B 3b  
ce lls  in th is  case  (T ab le  6.3 ).
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Enzym e 1 -n aph th o l fo rm a tio n  
(nm o le s /m in )
re la tive  
a c tiv ity  (% )
± s tanda rd  e rro r
O B3b 0 .40 100 0.07
W T1A 0 .60 150 0 .22
T ab le  6 .3 : C om pa ris o n  o f A c tiv ity  o f  p T 2M L .W T 1A  and  w ild  ty p e  O B 3b  a g a in s t n a ph th a le n e . A c tiv ity  w a s  
d e te rm in e d  by  s p e c tro p h o tom e te r  (M a te r ia ls  and  M e th o d s  se c tio n  2 .8 .4 ) and  is d isp la ye d  as  a m ean  o f th re e  
sepa ra te  e x p e r im en ts  from  a s in g le  ba tch  o f d ro p  fro ze n  ce lls .
6 .3 .3 ) C om pa ris o n  o f  w ild  typ e  O B 3b  and  p T 2M L .W T 1A  a c tiv ity  to w a rd s  b u tan e
Cell fre e  e x tra c t w as  p repa red  from  d rop  fro zen  ce lls  o f bo th  O B3b  and  W T 1A  as 
d esc ribed  in th e  M a te ria ls  and M e thods  sec tio n  2 .8 .2  as  fo llow s . T h e  ce ll s u sp ens io n  
w as  passed  th re e  tim e s  th ro ugh  a F rench  p re ssu re  ce ll and cen trifu g ed  a t 5 5 ,0 0 0  x 
g fo r  90 m in  be fo re  th e  so lu b le  e x tra c t w as  rem oved  and  fro zen  in liqu id  n itrogen . 2 
m l o f ce ll e x tra c t w as  in cuba ted  w ith  3 m l b u tane  and  NADH  [5 pM ] fo r  5 m in  a t 30 
°C. T he  reac tion  w as  s topped  by in cuba tin g  fo r  5 m i n  on ice be fo re  an in te rna l 
s tanda rd  o f 1-p ropano l (2 pm o les ) w as  added  and  th e  reac tion  m ix tu re  e x tra c te d  
w ith  e the r. T he  e th e r w as  evapo ra te d  a t room  tem pe ra tu re  un til th e  vo lum e  w as  < 50 
pi then  run on Sh im adzu  G C 2010  w ith  an R TX -5  co lum n  as de sc rib ed  in th e  
M a te ria ls  and M e thods  sec tio n  2 .8 .10  (F ig. 6 .7a , F ig. 6 .7b ). T he  re su lts  sh ow  th a t 
th e  M s . t r ic h o s p o r iu m  W T 1A  m u tan t so lu b le  e x tra c t has a 3 -fo ld  h ig he r spe c ific  
ac tiv ity  tow a rd s  bu tane  than  th e  so lu b le  e x tra c t o f w ild  typ e  M s. t r ic h o s p o r iu m  O B 3b  
(T ab le  6.4 ).
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Fig 6 .7A ) P a rtia l ch rom a to g ram  show in g  the  1-b u ta n o l p ro d u c t from  the  o x id a tio n  o f  b u ta n e  by  
w ild  typ e  O B 3b
Fig 6 .7B ) P a rtia l c h rom a to g ram  show ing  th e  1-b u ta n o l p ro d u c t from  th e  o x id a tio n  o f  b u ta n e  by  
p T 2M L .W T 1A
Enzym e S pec ific  a c tiv ity  
(nm o le  m in '1m g '1)
%  R e la tive  
a c tiv ity
± S tanda rd  e rro r
O B3b 0 .42 100 0 .02
W T1A 1.30 307 0 .28
T ab le  6 .4 ) C om pa ris o n  o f p T 2M L .W T 1A  and  w ild  ty p e  O B 3b  b u tane  o x id a tio n  a c tiv ity . S p e c if ic  a c tiv it ie s  a re  
show n  as  a m ean  o f th re e  s e pa ra te  e x p e r im e n ts  from  a s in g le  ba tch  o f d ro p  fro ze n  ce lls .
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6 .4  S um m ary  o f th e  n ew  exp ress io n  v e c to r  pT2M L
The  c rea tion  o f the  new  e xp re ss io n  v e c to r pT 2M L  has de c rea sed  th e  n um be r o f 
c lon ing  s tep s  requ ired  in c re a tin g  new  s ite  d ire c ted  m u tan ts  w ith in  th e  h yd ro xy la se  a 
subun it o f sMMO . The  a b ility  to  c lone  fra gm en ts  d ire c tly  in to  the  m m o X  g e ne  and  to  
sub sequ en tly  sc reen  fo r  th e  des ired  con s tru c t by  PCR  has fa c ilita te d  th e  p ro cess  o f 
c rea ting  s ite  d ire c ted  m u tan ts  cons ide rab ly . T h is  new  e xp re ss io n  sys tem  has  been  
com pa red  to  th e  w ild  type  O B3b  and  th e  re su lts  from  a s ing le  pa ir o f fe rm e n to r runs 
show  th a t W T 1A  show ed  sub s ta n tia lly  in c reased  a c tiv ity  com pa red  to  th e  w ild  typ e  
enzym e .
The  d iffe ren ce  in spe c ific  a c tiv ity  o b se rved  be tw een  th e  w ild -typ e  M s. t r ic h o s p o r iu m  
O B3b  and  re com b in an t w ild  type  en zym e  e xp re ssed  in M s . t r ic h o s p o r iu m  W T 1A  may, 
ju d g in g  from  o th e r re su lts  d e sc rib ed  he re , be due  a t leas t in pa rt to  ba tch  to  ba tch  
va r ia tion  be tw een  fe rm en to r runs. It shou ld  be no ted  th a t th e se  ce lls  w e re  h a rves te d  
a t a s im ila r t im e  to  each  o th e r bu t w e re  no t g row n  to  as h igh an  O D 6 o o  as th e  w ild - 
type  O B3b  and o th e r s ite  d ire c ted  m u tan ts  de sc rib ed  in chap te rs  3, 4  and  7.
H ow eve r it is c le a r from  the  re su lts  th a t th e  re com b in an t w ild -typ e  s tra in  M s. 
tr ic h o s p o r iu m  W T 1A  p rodu ces  sMMO  e xp re ss in g  ce lls  w ith  a t leas t th e  sam e  
spe c ific  ac tiv ity  as  th e  o rig ina l w ild  type  s tra in .
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C h ap te r  7: M u ta tion  s tu d ies  using  the  new  exp ress io n  v e c to r
PT2M L  
7 .1 ) In troduc tio n
As  m en tioned  in th e  p rev iou s  chap te r, th e  new  e xp re ss io n  ve c to r pT 2M L  w as  
de s igned  to  s im p lify  th e  s ite  d ire c ted  m u tagene s is  o f m m o X  from  M e th y lo s in u s  
t r ic h o s p o r iu m  O B3b . T h is  new  e xp re ss io n  v e c to r has  re s tric tion  s ite s  rem oved  
a llow ing  a 1 kb B am H \IN d e \  fra gm en t to  be used  as th e  e xch ang eab le  ca sse tte . T he  
de le tion  o f a 0.5 kb sequen ce  w ith in  th is  fra gm en t has a lso  a llow ed  fo r  q u ick  
s c reen ing  fo r  succe ss fu l liga tio n  o f s ite  d ire c ted  m u tan ts  in to  th is  v e c to r us ing  co lo n y  
PCR. In C hap te r 6 it w as  show n  th a t th is  e xp re ss io n  sys tem  cou ld  p rodu ce  
fu n c tio n a l re com b in an t sMMO  w ith  a c tiv ity  com pa ra b le  to  th e  w ild  typ e  e n zym e  
(6 .3 .2  - 6 .3 .3 ). In add ition  to  th e  s ite  d ire c ted  m u tan ts  desc ribed  in C hap te rs  3 and  4; 
tw o  m o re  s ite  d ire c ted  m u tan ts  have  been  c rea ted  us ing  th is  new  sys tem  in o rd e r to  
c om p lem en t th e  m u tagenes is  s tud ies .
7 .1 .1 ) R o le  o f  P he  188 as  a s u b s tra te  g a tin g  re s id u e  in sM M O
In C hap te r 3 a n um be r o f s ite  d ire c ted  m u tan ts  w e re  c re a ted  a t the  po s itio n  L e u 1 10 
to  s tud y  th e  ro le  o f th is  am ino  ac id  as a ga ting  res idue . A s  m en tioned  in th a t chap te r, 
th is  ro le  fo r  Leu 110 w as  p roposed  a fte r th e  ob se rva tio n  th a t th e  co n fo rm a tio n  o f th is  
re s id ue  changed  du ring  c rys ta lisa tio n  o f the  sMMO  hyd ro xy la se  in its o x id ise d  s ta te
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and reduced  s ta te s  (R osenzw e ig  e t  a l. 1997). T he  con fo rm a tio n a l ch ange  c re a te s  an 
open ing  be tw een  th e  h yd rophob ic  ca v ity  1 and  a d ja ce n t h yd rop hob ic  ca v ity  2 and  it 
w as  sugges ted  th a t th is  m ay  ind ica te  en try  o f su b s tra te  th rough  th e se  h yd rophob ic  
ca v itie s  to  the  ac tive  s ite . H ow eve r, it w as  no ted  th a t a dd itio n a l m o vem en t o f e ith e r 
th is  re s id ue  o r P he188  (F ig. 7 .1 ) w ou ld  be requ ired  to  a llow  sub s tra te  a cce ss  to  the  
ac tive  s ite  (R osenzw e ig  e t  a l. 1997).
7 .1 .2 ) T h e  G ly  113 m u ta n t o f  b u tan e  m ono o x yg en as e
In C hap te r 4, a num be r o f m u tan ts  w e re  c rea ted  to  p robe  th e  e ffe c ts  o f chang in g  key  
re s idues  w ith in  th e  h yd rophob ic  p o cke t o f sMMO  to  th e  h om o lo gous  re s id ue s  w ith in  
bu tane  m onooxygenase . In s im ila r e xp e rim en ts  w ith  bu tane  m onoo xygen ase  
(H a lse y  e t  a l. 2006 ) a num be r o f re s id ues  w ith in  bu tane  m onoo xygen a se  w e re  
m u ta ted  to  th e ir  c o u n te rp a rt re s id ues  w ith in  sMMO . O ne  o f th e se  bu tane  
m onoo xygenase  m u tan ts  G 113N  show ed  change s  in re g io se le c tiv ity  and  a lte red  
k ine tic  da ta  w ith  a range  o f a lkane  subs tra te s . T he  G 113N  m u tan t o f b u tane  
m onoo xygenase  show ed  a low e r spe c ific  a c tiv ity  tow a rd s  its na tu ra l su b s tra te  
b u tane  and  a sh ift in re g io se le c tiv ity  w as  seen  w ith  bo th  bu tane  and p ro pane  from  
p r im a rily  te rm ina l o x id a tion  in the  w ild  type  to  a lm o s t e xc lu s ive ly  su b -te rm in a l 
o x ida tion  w ith  th e  G 113N  m u tan t (H a lse y  e t  a l. 2006 ). M e thane  ox id a tio n  a ssa ys  
ca rried  ou t by  m easu rin g  m e thano l a ccum u la tio n  show ed  th a t th e  in itia l ra te  o f 
m e thano l fo rm a tio n  w as  low e r than  th a t o f th e  w ild  typ e  bu tane  m onoo xygenase . 
H oweve r, it w as  a lso  obse rved  th a t the  G 113N  m u tan t o f b u tane  m onoo xygenase  
a ccum u la ted  m e thano l to  a level 3 .5 -fo ld  h ig he r than  th e  w ild  type  enzym e . K ine tic
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ana lys is  o f th is  m u tan t show ed  th a t it has a g re a te r a ff in ity  fo r  bo th  m e thane  and 
m e thano l w ith  K m o f 340 pM  and 750  pM  respec tive ly , com pa red  w ith  1100  pM  and 
1250 pM  fo r  th e  w ild  type  en zym e  (C oo le y  e t  a l. 2009 ). T h e se  da ta  ind ica te  an 
im po rta n ce  o f th is  re s id ue  in th e  fu n c tio n  o f b u tane  m onoo xygenase  w ith  ro le s  bo th  
in re g io se le c tiv ity  and a c tiv ity  tow a rd s  th e se  a lkane  sub s tra te s .
7 .1 .3 ) D es ig n in g  n ew  sM M O  m u tan ts  F 188A  and  N 116G
The  F188A  s ite  d ire c ted  m u tan t has been  c rea ted  to  in ve s tig a te  th e  e ffe c ts  o f a 
sm a lle r s ide  cha in  a t th is  pos ition  and w ha t e ffe c t it has  on th e  ra te  and 
re g io se le c tiv ity  o f th e  enzym e . T he  m u ta tion  o f a pheny la la n in e  to  an a la n in e  a t 
po s ition  188 w ith in  m m o X  p ro v ide s  a sm a lle r s ide  cha in  a t th is  pos ition  ye t m a in ta in s  
th e  h yd rophob ic  na tu re  o f th is  res idue . T he  re s idue  A sn  116 w ith in  so lu b le  m e thane  
m onoo xygenase  (F ig. 7 .1 ) co rre sp ond s  to  th e  G ly  113 re s idue  o f bu tane  
m onooxygenase . T o  look  a t th e  ro le  o f th is  re s id ue  the  m u tan t N 1 16G  w as  c re a ted , 
w h ich  changes  th e  A sn  re s idue  to  the  co rre sp ond in g  G ly  re s idue  o f b u tane  
m onooxygenase . A  n um be r o f a ssays  have  been  ca rried  ou t to  p robe  th e  e ffe c t th a t 
th e se  m u tan ts  have  on th e  ac tiv ity  o f sMMO .
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Fig 7 .1 ) D ia g ram  show in g  the  A s n 1 1 6  (red ) and  P he188  re s id u e s  (b lue ). T h e  d iiro n  
ce n tre  can  be  seen  in o ra n g e  and  a ll o th e r  h y d ro p h o b ic  s u r fa c e s  a re  co lo u re d  w h ite .
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7 .2  C ons tru c tio n  o f m u tan ts  N 116G  and  F 188A  us ing  pT 2M L  
exp ress io n  v e c to r
The  m u tan ts  N 116G  and F188A  w e re  c re a ted  by  4 p r im e r o ve rla p  PCR  us ing  th e  
a p p ro p ria te  p r im e r se ts  (T ab le  7 .1 ). T h e  PCR  p rodu c t w as  pu rified , d ig e s te d  w ith  
BamH I and  N d e l and  liga ted  in to  th e  pT 2M L  e xp re ss io n  v e c to r us ing  th e  sam e  
enzym es . T he  liga tion  reac tion  m ix tu re  w as  tra n s fo rm ed  in to  chem ica l c om pe te n t E. 
c o l iX H a n d  tra n s fo rm an t co lo n ie s  w e re  sc re ened  us ing  co lo n y  PCR  w ith  th e  P1 and  
P4 p rim e rs  (T ab le  7 .1 ).
P rim e r S equen ce  (5 ’-3 ’) D esc rip tio n
P1 A T T  C G AG C T  C A A A C G T T  CG  AAC Fo rw a rd  p r im e r 4 1 0  bp  u p s tre am  
o f B am H I s ite
N 116G P 2 G A  AG C  GGC  G A T  G GC  G CC  A T A  T TC  GCC R eve rse  c om p lem e n t o f p r im e r 
N 116G P 3
N 116G P 3 GG C  G AA  T A T  G G C  G CC  A TC  G CC  G C T  TC M u ta g e n ic  p r im e r c o n ta in in g  th e  
A sp  —> G ly  m u ta tio n  and  s ile n t 
ch a n g e  to  in co rp o ra te  th e  nove l 
re s tr ic tio n  s ite  S fi l
F188AP 2 A  G CC  G TC  G G C  CG C  G AC  G CG  C T T R eve rse  c om p lem e n t o f p r im e r 
F 188AP 3
F188AP 3 A AG  CG C  G TC  G CG  GCC  G AC  G G C  T M u ta gen ic  p r im e r  c o n ta in in g  th e  
P he  —►  A la  m u ta tio n  and  s ile n t 
ch a n g e  to  in co rp o ra te  th e  nove l 
re s tr ic tio n  s ite  E ag l
P4 GGG  C TC  TCG  A CG  C C A  T A T  T TG R eve rse  p r im e r 251 bp  
d ow n s tre am  o f  N d e l s ite
T a b le  7 .1 ) M u ta n t p r im e r se ts  fo r  th e  co n s tru c tio n  o f  s ite  d ire c te d  m u ta n ts  N 116G  and  F 188A . M u ta n t 
co d o n s  a re  h ig h lig h te d  in bo ld, s p e c if ic  n u c le o tid e  c h a n g e s  a re  u nde rlin e d , th e  n o ve l S fi l re s tr ic tio n  
s ite  (N 116G ) is h ig h lig h te d  in g reen  and  th e  E ag l re s tr ic tio n  s ite  (F 1 88A ) is h ig h lig h te d  in ye llow .
The  de s ired  c lone  w as  p ro v is io na lly  iden tified  am ong  the  p rogeny  on  th e  ba s is  o f a 
~1 .6  kb PCR  p roduc t. A n y  co lo n ie s  con ta in in g  th e  pT 2M L  p la sm id  w ith o u t in se rt 
w e re  iden tifie d  a ~1.1 kb PCR  p rodu c t and w e re  d is ca rded  as w e re  an y  c o lo n ie s  
fa ilin g  to  g ive  a PCR  p roduc t. P o ten tia l m u tan t con ta in in g  co lo n ie s  w e re  in cuba te d  
o ve rn ig h t in liqu id  LB b ro th  con ta in in g  am p ic illin  and p la sm id  w as  co lle c ted  by  
m in ip rep . T he  1.6 kb C o lon y  PCR  p roduc ts  from  th e se  co lo n ie s  w e re  th en  d ig e s te d  
us ing  e ith e r S fil (N 116G ) o r E ag l (F 188A ) to  id e n tify  th e  des ired  s ite  d ire c te d
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mutation (Fig. 7 .2 a , 7 .2b ). The  correct m utant expression plasm ids w ere  further 
confirmed by DNA  sequencing. Th e  m utant plasm ids w ere  transformed into E.coli 
S17-1  and transferred to the sM MO  negative  host strain Ms. trichosporium SM DM  by 
conjugation as described in the M ateria ls  and Methods chapter. T h e  N 116G  and 
F188A  mutants w ere  grown in liquid cultures and on agar plates a t a  low copper to 
biomass ratio to induce expression o f sMMO . The  activity o f the N 116G  and the  
F188A  mutants was  confirmed by a positive naph tha lene test (Fig. 7 .3 ).
Fig. 7 .2A )
Fig 7 .2B )
M 1 2 3 4
N 1 16 m utant W ild type
Fig 7 .2 a ) D ia g ram  show in g  the  p re d ic te d  D N A  band  s iz e  o f P 1 -P 4  PCR  sc re e n in g  fra gm e n t d ig e s te d  w ith  S fil 
fo r  th e  N 116G  m u ta n t a nd  w ild  ty p e  sM M O .
F ig 7 .2B ) A g a ro s e  ge l s h ow in g  100  bp  g e n e ru le r  D N A  m a rk e r  (M ), 3 p u ta tiv e  N 116G  PCR  fra gm e n ts  
d ia e s te d  w ith  S fil ( 1 - 3 )  a nd  a c o n tro l d ia e s t c a rr ie d  o u t on  a w ild  tv o e  m m o X  PCR  fram e n t (4 )
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Fig 7 .3 ) NM S  a g a r  p la te  s h ow in g  p o s itiv e  n a p h th a le n e  o x id a tio n  a s sa y  fo r  M s . t r ic h o s p o r iu m  
O B 3b  (w ild  type ), M s . t r ic h o s p o r iu m  SM DM  (p T 2M L .N 1 1 6G ) a n d  M s. t r ic h o s p o r iu m  S M DM  
(p T 2M L .F 188A ). N a p h th a le n e  o x id a tio n  a s sa y  w a s  ca rr ie d  o u t a s  d e s c r ib e d  in M a te r ia ls  and  
M e th od s  s e c tio n  2 .8 .3
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7 .3  N 116G  and  F188A  s h ow  reduced  ra te  w ith  a rom a tic  sub s tra te s  
bu t little  o r no  change  in re g io se le c tiv ity
7.3 .1  O x id a tio n  o f  n a p h th a le n e  by  N 116G  and  F 188A
A s  m en tio ned  p re v io u s ly  o x id a tio n  o f n aph th a le n e  can  on ly  o c cu r a t tw o  p o s itio n s
on th e  a rom a tic  ring to  g ive  e ith e r 1 -naph tho l o r 2 -n aph th o l as  th e  o x id a tio n  p roduc ts .
T he  N 116G  and  F188A  m u tan ts  show  a s lig h t sh ift in re g io se le c tiv ity  w ith  a s lig h t
exce ss  o f 1 -naph tho l p roduced  com pa red  to  th e  w ild  typ e  en zym e  (P =0 .00 5  and
0 .004  re spec tive ly ) w he re  2 -n aph th o l is the  m a jo r o x id a tio n  p rodu c t (F ig. 7 .4 ).
7 0 .0 0
6 0 .0 0
£  5 0 .0 0
c
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4 0 .0 0  -
u
t/?
^  3 0 .0 0  -
4-»u
3
o  2 0 . 0 0  -
Q.
1 0 . 0 0  -
0 .0 0  -T
OB3b  N 116G  F188A
Enzym e 1 -nap tho l (% ) 2 -naph th o l (% ) R e la tive  a c tiv ity  (% )
O B3b 46 .49 53.51 100 .000
N 116G 56 .22 43 .78 37 .766
F188A 56 .92 43 .08 5 .754
F ig 7 .4 ) P e rce n ta g e  p ro d u c t d is tr ib u tio n  fo r  n a ph th a le n e  o x id a tio n  sh ow in g  
re la tiv e  a c tiv ity  to  O B 3b  w h ich  has  been  co rre c te d  fo r  O D 60o and  is g ive n  a s  0 .4 2  









■  % ln a p th o l
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The  ap p ro x im a te  ra te  o f n a ph tha lene  o x id a tio n  w as  ca lcu la ted  based  on the  
co lo r im e tr ic  o x id a tion  assa y  and a b so rb an ce  a t w a ve le ng th  540  nm  m easu red  upon  
add ition  o f 1%  TO D  re agan t as  d e sc rib ed  in th e  M a te ria ls  and M e thods  chap te r. T he  
am oun t o f n aph th a le n e  w as  w o rked  ou t from  th e  p ro du c t s tanda rd  cu rve  o f 1- 
naph tho l as  seen  in C ha p te r 4 . T he  a c tiv ity  o f bo th  N 116G  and  F 188A  tow a rd s  
na ph th a le n e  w as  s ig n if ic a n tly  re duced . W hen  com pa red  to  th e  w ild  type , th e  m u tan ts  
show ed  37 .8%  and  5 .8%  ac tiv ity , re spec tive ly . A s  m en tio ned  p re v io u s ly  th e se  
spe c ific  a c tiv itie s  a re  m os tly  w ith  re spec t to  th e  fo rm a tio n  o f 1 -naph tho l o n ly  be cause  
th e  a b so rb an ce  o f th e  d ia zo  dye  fo rm ed  from  th is  isom e r a t 540  nm  is m uch  g re a te r 
than  th a t from  2 -n aph th o l (C hap te r 4, Fig. 4 .8 )
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7 .3 .2 ) O x id a t io n  o f  e th y lb e n zen e  by  N 116G  and  F188A
The  ox ida tion  o f th e  a rom a tic  sub s tra te  e th y lb e n zene  can  y ie ld  five  po ss ib le  
h yd ro xy la ted  o x id a tio n  p roduc ts : 1 -pheny le thano l, 2 -p heny le th ano l, 2 -e th y lp heno l, 3 - 
e th y lp heno l and  4 -e th y lp heno l. A ssa ys  w e re  ca rried  ou t w ith  w ho le  ce lls  con ta in in g  5 
mM  sod ium  fo rm a te  to  p ro v ide  reduc ing  e q u iva le n ts  fo r  th e  en zym e  (as  m en tio n ed  in 
th e  M a te ria ls  and  M e thods  sec tio n  2 .8 .1 ). P roduc t a na lys is  (F ig. 7 .5 ) w as  ca rr ie d  o u t 
us ing  a S h im adzu  2010  GC  w ith  a R es tek  R TX -5  co lum n . A s  w as  seen  in C h a p te r 3, 
o x id a tio n  o f e th y lb en zene  by  th e  w ild  type  e n zym e  in 48  h a ssays  p rodu ced  on ly  tw o  
ox ida tion  p roduc ts . A  s im ila r p ro du c t d is tr ib u tio n  w as  a lso  seen  in 1 h a ssa ys  w he re  
on ly  1 -pheny le th ano l and  4 -e th y lp heno l w e re  de te c te d . No nove l o x id a tio n  p ro d u c ts  
w e re  d e te c te d  w ith  e ith e r N 116G  o r F188A . 4 -E th y lp h e no l w as  th e  p re d om in a n t 
o x id a tio n  p rodu c t w ith  bo th  m u tan ts , w h ich  show ed  reduced  a c tiv ity  com pa re d  to  th e  
w ild  type  w ith  th is  sub s tra te  (T ab le  7.2 ).
Fig 7.5 ). P a rt o f  a  re p re se n ta tiv e  GC  tra ce  s h ow in g  b a se  line  re so lu tio n  o f  e thy l 
b en zene  o x id a tio n  p ro d u c ts  fo r  an  sM M O  a ssay . Id en tity  o f  p e a ks  w a s  co n firm e d  by 
c om pa rin g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  (n o t s how n )
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F ig 7 .6 ) G raph  s h ow in g  p ro d u c t d is tr ib u tio n  from  1 h e th y lb e n ze n e  o x id a tio n  a ssa y . D a ta  
is g iven  a s  a m ean  o f th re e  d iffe re n t e x p e r im e n ts  from  a s in g le  ba tch  o f  d ro p  fro ze n  ce lls  
fo r  each  m u tan t. E rro r ba rs  s h ow  ± s ta n da rd  e rro r
A  s lig h t ch ange  o f re g io se le c tiv ity  w as  o b se rved  w ith  bo th  m u tan ts . T h e  o x id a tio n  o f 
e th y lb e n zene  by  th e  F 188A  m u tan t show ed  an in c re ase  in ring h yd ro xy la tio n  w ith  89%  
o f th e  to ta l p rodu c t be ing  4 -e th y lp h en o l com pa red  to  78%  w ith  th e  w ild  typ e  
(P <0 .001 ). T he  N 116G  m u tan t show ed  a s lig h t in c re ase  in s ide  cha in  h yd ro xy la tio n  
com pa red  to  th e  w ild  type  w ith  27 .01%  o f th e  to ta l p rodu c t as  1 -phen y le th ano i 
com pa red  to  21 .86%  w ith  th e  w ild  type  e n zym e  (P =0 .005 ). Bo th  m u tan ts  d isp la yed  a 
reduced  spe c ific  a c tiv ity  tow a rd s  e th y lb e n zene  com pa red  to  th e  w ild  typ e  en zym e .
(F ig. 7 .6 , T a b le  7 .2 )
E nzym e 1 -phenye thano l
t % > H O r
6




R e la tive  ra te
(% )
O B3b  w ild  
type 21 .86  ± 0 .6 7 78 .14±0 .6 7 100 .00
N 116G 27.01  ± 1.45 72 .99  ± 1.45 68 .71
F188A 11 .49  ± 1.67 88.51 ± 1.67 77 .33
T ab le  7 .2 ) P ro d u c t d is tr ib u tio n  o f  e th y lb e n ze n e  o x id a tio n  p roduc ts . R e la tiv e  ra te  h a s  been  
co rre c te d  fo r  d iffe re n ce s  in O D 60o and  is re la tiv e  to  the  ra te  o f w ild  ty p e  O B 3b  w h ic h  w as  
m ea su re d  a t 0 .35  ± 0 .02  nm o le /m in /m g  p ro te in
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7 .3 .3 ) O x id a tio n  o f  m es ity ie n e  by  N 116G  and  F 188A
A s  m en tio ned  p re v io u s ly  th e  sub s tra te  m e s ity ie ne  (1 ,3 ,5 -tr im e th y lb e n zen e ) w as  
cho sen  as  a cand id a te  fo r  s tu d y  du e  to  its s ize  and  sym m e try  o f  th e  th re e  m e thy l 
su b s titu e n ts , w h ich  m ean  th a t o n ly  tw o  p o ss ib le  p r im a ry  o x id a tio n  p ro du c ts  w e re  
expec te d . A ll a ssa ys  w e re  se t up  fo r  1 h and  th e  ox id a tio n  p ro du c ts  (F ig . 7 .7A , 7 .7B ) 
q u an tif ie d  b y  G CM S  as m en tio n ed  in th e  M a te ria ls  and  M e thods . T h e  N 116G  m u ta n t 
show ed  th e  sam e  cha ra c te r is tic s  as  th e  w ild  type  en zym e , w ith  a p re d om in a n t s ide  
cha in  h yd ro xy la tio n . W hen  th e  F 188A  m u tan t w a s  ana lysed , a  13 fo ld  in c re a se  in 
ring  h yd ro xy la tio n  w as  d e te c te d  com pa red  to  th e  w ild  typ e  e n zym e  (P =0 .00 197 ) 
(T ab le  7 .3 ).
E nzym e 2 ,4 ,6 - tr im e th y lp h eno l (% )
OH
H3C . /L .C H 3
3 ,5 -d im e th y l b enzy l a lco ho l (% )
VCHq CHS
O b3b 0 .40  ± 0 .34 99 .60  ± 0 .34
N 116G 0.41 ± 0 .1 4 99 .59  ± 0 .1 4
F188A 5 .42  ± 4 .72 94 .58  ± 4 .7 2
T ab le  7 .3 ) P e rce n ta g e  p ro d u c t d is tr ib u tio n  fo r  m e s ity ie n e  o x id a tio n . A s sa y s  w e re  c a rr ie d  o u t in 
tr ip lic a te  from  a s in g le  b ac th  o f  d ro p  fro ze n  ce lls  fo r  e a ch  m u ta n t and  a re  d is p la ye d  a s  m ean  
v a lu e s  ± s ta n da rd  e rro r.
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Fig 7 .7B
T I C :  M E S F 2 . D
A b u n d a n c e
Fig 7 .7A ) P a rtia l G C  tra ce  sh ow in g  th e  p ro d u c ts  from  o x id a tio n  o f m e s ity le n e  by  N 116G  
F ig 7 .7B ) P a rtia l GC  tra c e  sh ow in g  th e  p ro d u c ts  from  o x id a tio n  o f  m e s ity le n e  by  F 1 8 8A
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A na lys is  o f the  o x id a tio n  o f b ip heny l by  th e  N 116G  and F188A  m u tan ts  a lso  show s  a 
s lig h t re la xa tio n  in re g io se le c tiv ity  com pa red  to  th e  w ild  type . T he  o x id a tio n  o f 
b ip heny l can  p rodu ce  th re e  poss ib le  o x id a tio n  p rodu c ts  d epend ing  on w h ich  po s itio n  
on  the  a rom a tic  ring is ox id ized . T he  ox id a tio n  a ssa ys  w e re  ca rried  ou t us ing  w ho le  
ce lls  p lus  5 mM  sod ium  fo rm a te  to  p ro v ide  an  e xce ss  o f reduc ing  e q u iva le n ts  fo r  th e  
reac tion  as  m en tio ned  in th e  M a te ria ls  and  M e thods  sec tion . T he  F 188A  and  N 116G  
m u tan ts  show ed  s im ila r re g io se le c tiv ity  com pa red  to  th e  w ild  type  en zym e , w ith  
4 -h yd ro xyb ip hen y l re p re sen tin g  98 -99  % o f th e  o x id a tio n  p roduc ts . A  re la xa tio n  o f 
re g io se le c tiv ity  w as  obse rved  w ith  bo th  m u tan ts , w ith  m o re  2 -h yd ro xyb ip h en y l and  3- 
h yd ro xyb ipheny l be ing  de te c te d  than  w ith  th e  w ild  type  enzym e . T h e  N 116G  m u tan t 
show ed  a 27 .5  fo ld  in c re ase  in th e  p e rcen tage  o f 2 -h yd ro xyb ip hen y l p rodu ced  and  a 
7 .4 -fo ld  in c re ase  in 3 -h yd ro xyb ip hen y l com pa red  to  th e  w ild  type  e n zym e  h ow eve r 
th e se  a re  no t seen  as s ta tis t ic a lly  s ig n if ic a n t (P >0 .05 ). T he  F188A  show ed  a 
s ta tis tic a lly  s ig n if ic a n t 4 6 .5 -fo ld  in c re ase  in th e  p e rcen ta g e  o f 2 -h yd ro xyb ip h en y l 
p roduced  (P =0 .002 ) and an 8 -fo ld  in c rease  in th e  p e rcen tage  o f 3 -h yd ro xyb ip h en y l 
w h ich  w as  no t s ta tis tica lly  s ig n if ic a n t (P >0 .05 ) (T ab le  7.4 ).
7 .3 .4 ) O x id a tio n  o f  b ip h eny l by  N 116G  and  F 188A
Enzym e 2-
hyd ro xyb ipheny l
(% )
3-
h yd ro xyb ipheny l
(% )
4 -
h yd ro xyb ipheny l
(% )
W ild  type 0 .02  ± 0 .03 0 .05  ± 0 .0 9 99 .94  ± 0 .1 3
N 116G 0 .55±0 .16 0 .3 7±0 .16 99 .08±0 .17
F188A 0 .93±0 .03 0 .4 0±0 .1 9 98 .66±0 .2
T ab le  7 .4 ) P e rce n ta g e  p ro d u c t d is tr ib u tio n  o f b ip hen y l o x id a tio n .D a ta  is show n  as  a m ean  o f 
3 se p a ra te  e x p e r im e n ts  from  a s in g le  b a tch  o f  d ro p  fro zen  ce lls  fo r  each  m u ta n t and  a re  
show n  ± s ta n da rd  e rro r
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7 .3 .5 ) O x id a t io n  o f  to lu e n e  by N 116G
A ssa ys  w e re  ca rried  o u t a t 30°C  us ing  w ho le  ce lls  supp lem en te d  w ith  5 mM  sod ium  
fo rm a te . A n  in te rna l s tanda rd  w as  added  and  p ro du c ts  w e re  e x tra c te d  in to  e th e r 
be fo re  e va po ra tin g  a t room  tem pe ra tu re  and  runn ing  on a S h im adzu  G C 2010  w ith  
an  R TX -5  co lum n . A s  m en tio ned  p re v io u s ly  th e re  a re  fo u r po ss ib le  h yd ro xy la ted  
p rodu c ts  th a t cou ld  be  fo rm ed  from  the  o x id a tio n  o f to lu ene  by sMMO . T h e  N 116G  
m u tan t show ed  no nove l o x id a tio n  p rodu c ts  com pa red  to  th e  w ild -ty p e  e n zym e  and  
(like  th e  w ild -typ e ) show ed  benzy l a lcoho l as  th e  m a jo r o x ida tion  p ro d u c t u n de r 
th e se  reac tion  cond ition s . T h e re  w as  a s lig h t in c re a se  in s id e  cha in  h yd ro xy la tio n  
com pa red  to  th e  w ild  type  e n zym e  w ith  N 116G  (P =0 .032 ) (F ig. 7 .8 ).




Enzym e Benzy l 
A lcoho l (% )
p -c re so l (% ) re la tive  ra te  (% )
O B3b 71 .38  ± 
2 .89
28 .62  ± 2 .8 9 100
N 116G 80 .68  ± 
0 .06
19 .32 ± 0 .0 6 10 .33
C  o U .U U  O
|  6 0 .0 0  
'C
2  4 0 .0 0TJ
+•»
= 20.00  
1 3  O
a. 0 . 0 0 L L
OB3b  W T  N 116G
Fig 7 .8 ) P ro d u c t d is tr ib u tio n  o f e th y lb e n ze n e  o x id a tio n  p roduc ts . R e la tiv e  ra te  has  been  
co rre c te d  fo r  d iffe re n ce s  in O D 6oo and  is re la tiv e  to  the  ra te  o f  w ild  ty p e  O B 3b  w h ich  w a s  
m easu re d  a t 2 .9 5  nm o le s  m in '1 a t O D 60o = 1 •
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7 .4  K in e tic  da ta  fo r  to lu en e  o x ida tio n  by w ild  typ e  O B 3b  and  N 116G
7 .9a
H anes w o lf  p lo t  OB3b
20  4 0  60  8 0  100  120  140
[S] \iM
7 .9b
-4 0  -2 0  0 20  4 0  60  80  100  120  140
[S] pM
Hanes w o lf  p lo t  N 116G To luene
F ig  7 .9a ) H anes  W o o lf  p lo t fo r  to lu e n e  o x id a tio n  by  M s . t r ic h o s p o r iu m  O B3b . T h e  tre n d lin e  
has  been  fitte d  to  th e  d a ta  us ing  M ic ro so ft E xce ll s o ftw a re .
F ig 7 .9b ) H anes  W o o lf  p lo t fo r  to lu e ne  o x id a tio n  by  N 116G . T h e  tre n d lin e  has  been  fitte d  to  
th e  d a ta  us in g  M ic ro s o ft E xce ll so ftw a re .
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Km (pM ) \/max (nm o les /m in )
O B3b 21 .0  ± 7 .0 22.1 ± 5 .9
N 116G 13 .0  ± 9 .0 5 .7  ±3 .1
T ab le  7 .6 ) Km  and  V m a x  fo r  0 B 3 b  and  N 116G  ca lc u la te d  from  h anes  w o lf  p lo ts  ( f ig s  9a  +
9b ). D a ta  is c o rre c te d  to  a c u ltu ra l O D 600= 1.0
The  k in e tic  da ta  fo r  to lu e n e  o x id a tio n  by  bo th  O B3b  and  N 116G  w as  co lle c ted  by 
add ing  va ry in g  am oun ts  o f to lu e ne  sa tu ra ted  w a te r to  w ho le  ce lls  and  m easu rin g  th e  
am oun t o f to ta l p ro du c t by  S h im adzu  2010  GC  w ith  a R es te k  co lum n  as  d e sc r ib e d  in 
th e  m e thods . T he  am oun t o f to lu e ne  added  to  each  sam p le  w as  a lso  m easu red  by  
GC  and  used  to  c re a te  a H anes  W o lf  p lo t fo r  O B 3b  and  N 116G . The  Km and  Vm3iX 
va lu e s  w e re  ca lcu la ted  by  th e  fo llow in g  equa tio n :
M  =  J - \ s ]  +  ^
V  Vm a x  r  m a x
W he re  [S ] is th e  sub s tra te  con cen tra tio n  and  V  is  th e  reac tion  ve lo c ity . T h e  Km o f  th e
N 116G  e n zym e  is 13 .0  pM , on ly  s lig h tly  low e r than  21 .0  pM  fo r  th e  w ild  type . T h is  
in d ica te s  th a t in com pa ra ing  w ild  typ e  sM MO  and  th e  N 116G  m u tan t, th e re  is no 
d e te c ta b le  d iffe re n ce  in a ffin ity  fo r  th e  sub s tra te  to lu ene . H ow eve r th e  \Zmax o f  th e  
N 116G  m u tan t show ed  >3 .8  fo ld  d e c re a se  a t 5 .7  nm o les  m in '1 com pa red  to  22.1 
nm o le s  m in '1 fo r  th e  w ild  type  (T ab le  7 .6 ). A lth o u gh  it is a ccep te d  th a t th e se  d a ta  a re  
lim ited , it is c le a r th a t th e  m ax im um  ra te  o f th e  N 116G  m u ta n t is g re a tly  re duced  
com pa red  to  th e  w ild  typ e  enzym e .
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7 .5  T h e  m u tan ts  show ed  no  m easu rab le  a c tiv ity  tow a rd s  a lkan es  o r  
tr i-a rom a tic  sub s tra tes
S o lub le  e x tra c ts  o f th e  F 188A  and  N 116G  m u tan ts  w e re  p repa red  and assayed  w ith  
th e  a lkanes : bu tane , p e n ta ne  and  hexane  as de sc rib e d  in th e  M a te ria ls  and M e thod s  
chap te r. O x ida tion  assa ys  w e re  ca rried  ou t o ve r a range  o f reac tion  tim e s  rang ing  
from  1-30  m in  how eve r no a c tiv ity  cou ld  be  de tec ted  w ith  e ith e r N 116G  o r F188A . 
A c tiv ity  w as  de te c te d  w ith  th e  w ild -ty p e  en zym e  in pa ra lle l e xpe rim en ts .
O x ida tion  a ssa ys  fo r  up to  48  h w e re  a lso  a ttem p ted  w ith  a n th ra cene  and 
p h enan th re n e  as  sub s tra te s  us ing  bo th  us ing  b iom ass  on a g a r p la te s  and  liqu id  
cu ltu res . No h yd roxy la ted  p rodu c ts  w e re  de te c te d  fo r  th e  N 116G , F188A  o r th e  w ild  
type  en zym e  w ith  th e se  tr ia rom a tic  subs tra tes .
7 .6  S um m ary
The  N 116G  and  F188A  m u tan ts  w e re  c rea ted  to  com p lem en t w o rk  ca rried  o u t in 
p rev iou s  chap te rs . T h e  N 116G  m u tan t show ed  s im ila r re su lts  to  th e  p re v iou s  
m u tan ts  ana lysed  in C hap te r 4. No in c re ase  in bu tane  o x id a tio n  w as  ob se rve d  and  
a lth ough  sm a ll changes  in re g io se le c tiv ity  o f th e  N 116G  m u tan t com pa red  to  th e  w ild  
type  w e re  seen , no sh ift tow a rd s  te rm in a l ca rbon  ox id a tio n  w as  seen . T h is  show s  
th a t th is  s ite  d ire c ted  m u ta tio n  is no t e nough  to  c o n fe r a "BM O -like " p h eno typ e  upon  
th is  m u tan t. T he  spe c ific  a c tiv ity  o f th e  N 116G  m u tan t w as  reduced  com pa red  to  th e  
w ild  type  w ith  a ll s u b s tra te s  m easu red . T he  k in e tic  da ta  fo r  th e  o x id a tio n  o f to lu e n e  
show s  th a t the  N 116G  m u tan t has a s im ila r a ff in ity  fo r  th e  sub s tra te  com pa red  to  th e  
w ild -typ e  e n zym e  bu t has a s ig n if ic a n tly  re duced  m ax im um  o x id a tio n  ra te . T he  
F188A  m u tan t show ed  a re g io se le c tiv ity  to  th e  w ild  type  enzym e . A  sh ift in
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reg io se le c tiv ity  o f n ap th a lene  and b ipheny l w as  seen  and an in c rease  in ring 
h yd ro xy la tio n  w as  seen  w ith  e th y lb e n zene  and  m es itlye ne  com pa red  to  th e  w ild -type . 
T h is  re s idue  has been  im p lica ted  a long  w ith  th e  re s idue  Leu 110 in hav ing  a ga ting  
ro le  con tro llin g  sub s tra te  acce ss  (R osenzw e ig  e t  a l. 1997). No e v id ence  has been  
fo und  to  su g ge s t th a t the  F188  re s idue  has a ga ting  ro le  in sMMO . T he  F188A  
m u tan t a lso  has on ly  a little  e ffe c t on the  re g io se le c tiv ity  o f th e  en zym e  com pa red  to  
th e  L 1 10 m u tan ts  seen  in C ha p te r 3.
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8.1 Leu 110 is no t th e  lim iting  fa c to r  p reven tin g  o x ida tio n  o f  
tr ia rom a tic  com pounds  by w ild typ e  sMMO
The  po ss ib ility  o f leu 110 as  a ga ting  re s idue  th a t con tro ls  a cce ss  o f su b s tra te  to  the  
ac tive  s ite  led to  th e  h ypo th es is  th a t th is  re s id ue  m ay  be th e  lim iting  fa c to r  in 
p reven ting  ox id a tio n  o f la rg e r tr ia rom a n tic  com pounds  by sMMO . In th e  h yd ro xy la se  
a -su bu n it o f th e  re la ted  to lu ene  o rffro -m onooxygena se  from  B u r k h o ld e r ia  c e p a c ia  G4, 
th e  V a l 106 re s idue  o ccup ie s  th e  e q u iva le n t pos ition  to  Leu 110 in sM M O  (S h ie ld s  e t  
a l. 1995). A  s im ila r s ite  d ire c ted  m u tagene s is  e xp e rim e n t in the  sam e  e n zym e  by 
th e  W ood  g roup  show ed  th a t th e  V 1 06A  m u tan t e xh ib ite d  in c reased  a c tiv ity  tow a rd s  
th e  th ree  ring a rom a tic  com pounds  phenan th rene , a n th ra cene  and  flu o re n e  (C anada  
e t  a l. 2002 ). It w as  th o ug h t th a t open ing  th e  ga te  by  pu tting  a sm a lle r re s id ue  a t th is  
pos ition  a llow ed  e a s ie r acce ss  fo r  la rg e r su b s tra te s  to  th e  ac tive  s ite  o f to lu e ne  
o r th o -m onooxygenase .
S ite  d ire c ted  m u tagenes is  o f m m o X  w as  ca rried  ou t to  c rea te  m u tan ts  w ith  va ry in g  
s ized  s ide  cha in s  a t pos itio n  110. M u tan ts  w ith  less  bu lky  s ide  cha in s  a t p o s itio n  110 
w e re  assayed  to  see  w he th e r th e se  re s idues  p rov ided  m o re  spa ce  to  a llow  a cce ss  o f 
la rge r tr ia rom a tic  su b s tra te s  in to  the  ac tive  s ite . W hen  the  Leu 110 re s id ue  w as  
m u ta ted  to  e ith e r the  sm a lle r G ly  and  Cys re s id ue s  o r th e  la rg e r T y r and  A rg
C hap te r  8: D iscu ss ion s
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res idues  o x ida tion  o f tr ia rom a tic  c om pounds  cou ld  no t be de te c te d  by a co lo r im e tr ic  
a ssa y  based  on the  naph tha le n e  te s t o r by  G CM S  w ith  to ta l ion o r se le c ted  ion 
m on ito r in g . S e le c ted  ion m on ito r in g  w as  used  to  sc reen  fo r  ions o f m /z  194, 
co rre sp ond ing  to  s in g ly  cha rged  ions  o f m onoh yd ro xy la te d  tr ia rom a tic  c om pounds , 
w ith  ve ry  h igh  de g re es  o f sen s itiv ity  (<1 pM ). H ence  ne ith e r the  w ild  typ e  no r any  o f 
th e  s ite  d ire c ted  m u tan ts  ( in c lu d ing  th e  sm a lle r G ly  and  C ys m u tan ts ) can  d e te c ta b ly  
o x id ize  tr ia rom a tic  com pounds . T h is  sugges ts  th a t the  Leu 110 re s id ue  is no t th e  
lim iting  fa c to r and  fu r th e r m u ta tio n s  a re  requ ired  fo r  th e  ox id a tio n  o f tr ia rom a tic  
com pounds  by sMMO .
It has been  show n  th a t th e  co rre sp ond in g  V 1 0 6A  m u tan t o f th e  h om o lo g ou s  to lu e ne  
o r th o -m ono oxyge nase  show ed  in c reased  tr ia rom a tic  o x id a tio n  (C anada  e t  a l. 2002 ). 
H ow eve r it shou ld  be no ted  th a t to lu ene , th e  na tu ra l s ub s tra te  fo r  th is  e n zym e  is a 
m uch  la rge r com pound  than  the  na tu ra l su b s tra te  m e thane , o f sMMO . 
C rys ta lo g ra ph ic  s tud ie s  o f the  to lu e n e -4 -m onoo xyg ena se  and  to lu ene  o -xy le ne  
m onoo xygenase  (S az in sky  e t  a l. 2004 ; B a ile y  e t  a l. 2008 ) have  show n  th a t the  
a rom a tic  m onoo xygenase s  have  a m uch  m o re  a cce ssab le  ac tive  s ite  th an  th e  
sMMO s, p robab ly  due  to  the  la rg e r s ize  o f  th e ir  na tu ra l subs tra te s . T h e  a cce ss  o f 
su b s tra te s  to  the  ac tive  s ite  w ith in  sM M O  is like ly  to  be v ia  a se rie s  o f h yd ro p hob ic  
cav itie s  th a t can fo rm  a channe l a llow ing  a cce ss  to  th e  a c tive  s ite  and  so 
con s tr ic tio n s  in th is  sub s tra te  e n try / e x it channe l m ay  p re ven t e n try  o f tr ia rom a tic  
com pounds  even  w hen  the  Leu 110 re s idue  has adop ted  an "open " con fo rm a tio n . If 
th e re  a re  seve ra l con s tr ic tio n s  on th e  p a thw ay  th a t sub s tra te s  ta ke  to  and  from  the  
ac tive  s ite  o f sMMO , a num be r o f m u ta tio n s  m ay be  needed  to  a llow  a cce ss  o f
tr ia rom a tic  com pounds  and o th e r ve ry  la rge  subs tra te s .
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8.2  Leu 110 is an im po rtan t re s idu e  in d e te rm in in g  the
reg io se le c tiv ity  o f sM MO
The  da ta  show n  in C ha p te r 3 (T ab le s  3.1 - 3 .4 ) show  th a t th is  Leu 110 is e x trem e ly  
im po rta n t in d e te rm in ing  th e  re g io se le c tiv ity  o f sMMO . W ith  th e  w ild  type  enzym e , 
o x ida tion  o f a rom a tic  sub s tra te s  p re dom inan tly  o ccu rs  a t th e  sho rt e nds  o f the  
rough ly  re c ta n g u la r sub s tra te  m o le cu le . W ith  to lu ene  as subs tra te , th e  o x ida tion  
p rodu c ts  a re  benzy l a lcoho l and  p -c re so l (T ab le  3.2 ). W ith  naph th a le n e  th e  p r im a ry  
ox ida tion  p rodu c t is 2 -naph tho l (T ab le  3.1 ); w ith  b ip heny l th e  p r im a ry  o x id a tio n  
p rodu c t is 4 -h yd ro xyb ip hen y l (T ab le  3 .4 ) and w ith  e th y lb e n zene  bo th  1- 
p h eny le thano l and 4 -e th y lb e n ze ne  w e re  seen  as  o x id a tio n  p rodu c ts  (T ab le  3.3 ). 
H oweve r, a ll m u ta tio n s  a t pos ition  110 show ed  a sh ift aw ay  from  th is  o x id a tio n  a t th e  
"sho rt e nd " o f th e  rough ly  re c ta ng u la r s u b s tra te s  w ith  in c reas ing  am oun ts  o f 1- 
naph tho l from  naph tha lene , and 2 - and  3- h yd roxy  p ro du c ts  from  sub s titu te d  
m ona rom a tic s  and  b ipheny l. T h is  re su lt w as  unexpec ted  s in ce  a “ga ting  ro le ” fo r  Leu 
110 sugges ted  th a t m u ta tio n s  to  sm a lle r re s id ues  w ou ld  be m o re  like ly  to  a llow  
sub s tra te s  in to  th e  ac tive  s ite  and  con ve rse ly  m u ta tio n s  to  la rge r re s id ue s  w ou ld  be  
m o re  like ly  to  re s tr ic t a ccess  to  th e  a c tive  site . T h e se  re su lts  show ed  th a t ra th e r than  
in c reas ing  o r re s tric ting  acce ss  to  th e  a c tive  s ite , bo th  b u lk ie r s ide  cha in  m u ta tio n s  
and  sm a lle r s ide  cha in  m u ta tio n s  had s im ila r e ffe c ts  in re la x ing  re g io se le c tiv ity .
A s  m en tioned  p re v iou s ly  a num be r o f m u tagene s is  s tud ie s  have  been  ca rr ie d  o u t on
va rio u s  m onoa rom a tic  m onooxygenases  a t the  co rre sp ond in g  pos ition  to  Leu 110.
M u ta tion  a t V a l 106 o f to lu ene -o rf/?o -m onooxygenase  and lie  100 o f to lu e n e -4 -
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m onoo xygenase  have  ind ica ted  th a t th is  re s id ue  is im po rta n t fo r  ga ting  a cce ss  o f 
sub s tra te  to  th e  ac tive  s ite  (C anada  e t  a l. 2002 ; T a o  e t  a l  2004 ; M cC la y  e t  al. 2005 ). 
H ow eve r som e  m u ta tio n s  a t th is  pos ition  such  as the  lie  100 m u tan ts  o f to lu e ne  o- 
x y le n e  m onooxygenase , have  a lso  show n  th e  im po rta n ce  o f th is  re s id ue  in 
re g io se le c tiv ity  o f th e se  e n zym es  (V a rda r and W ood , 2004 ; N o tom is ta  e t  a l. 2009 ).
The  re su lts  he re  ind ica te  th a t Leu 110 is an im po rta n t re s id ue  in d e te rm in in g  th e  
p rec is ion  o f re g io se le c tiv ity  w ith  a rom a tic  subs tra te s . T h is  m ay  be  m ed ia te d  v ia  th e  
con fo rm a tio n a l changes  show n  to  a ffe c t th is  re s id ue  in its va r io u s  c rys ta l fo rm s . It 
shou ld  be  no ted  th a t in th e  c rys ta l s tru c tu re s  o f sM M O  pub lished  to  da te , if Leu 110 
lies on the  sub s tra te  e n try  pa thw ay , it n eeds  to  a d op t a con fo rm a tio n a l ch ange  w h ich  
opens  th e  ape rtu re  connec tin g  cav itie s  1 and  2 w id e r th an  is seen  w ith  a n y  o f th e  
c rys ta l s tru c tu re s  (E lango  e t  a l. 1997; R osenzw e ig  e t  a l. 1997; S az in sky  and  L ippa rd , 
2005). T h is  is th o ug h t to  com e  abou t from  con fo rm a tio n a l change s  du ring  th e  
a ssem b ly  o f th e  w ho le  e n zym e  com p lex . H ow eve r to  da te  no c rys ta l s tru c tu re  o f th e  
en tire  sMMO  com p le x  has been  obse rved . T h e  “o p e n ” and “c lo se d ” fo rm s  o f Leu  110 
m ay  ac t as  a “c lam p ” ho ld ing  th e  a rom a tic  su b s tra te s  in an o r ie n ta tio n  th a t p rom o te s  
te rm ina l o x id a tion  o f the  a rom a tic  subs tra te s . T he  S w iss -m ode l p rog ram  w as  used  to  
m ode l the  ac tive  s ite s  o f m u tan ts  L110C  and L110R  (F ig. 8 .1 ) based  on th e  c rys ta l 
s tru c tu re  pub lished  fo r  th e  sMMO  hyd roxy la se  o f M s . t r ic h o s p o r iu m  O B3b  (E la n go  e t  
a l  1997). T hese  m u tan ts  a d op t a con fo rm a tio n  w he re  th e  d is ta n ce  be tw een  th e  
s id e cha in  and th e  d iiron  s ite  is g rea te r than  th a t o f th e  w ild  type  Leu 110 re s id ue . 
In c reas ing  the  d is ta n ce  be tw een  the  re s id ue  and  th e  d iiron  s ite  a llow s  fo r  g re a te r  
m o vem en t o f the  sub s tra te  w ith in  th e  ac tive  site . T h is  re su lts  in an in c re ase  in
sub te rm ina l ox id a tion  o f a rom a tic  com pounds  and  re la xed  reg io spec ific ity .
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Fig 8 .1 ) D iagram  show ing d ist a nces from  diiron sit e  for A) Leu  110, B) Cy s 110  and C)  
Arg 110. Th e  m ode ls w ere crea ted based  using Sw iss-m ode l automated modelling and  
is based  on the Ms. trichosporium sM M O hydroxylase  crystal st ructure (pdb a cce ssio n  
code  1M HY)
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8.3  T h e  p resence  o f o th e r  en zym es  in th e  m e th ano troph  ce lls
a ffec ts  p roduc t d is tr ib u tio n
It shou ld  be no ted  th a t th e  p rodu c t d is tr ib u tio n  o f o x id a tion  p rodu c ts  can  a lte r w ith  
tim e . O ne  w ay  th a t th is  can  happen  is v ia  th e  ac tion  o f o th e r en zym es  in th e  
m e thano troph  m e tabo lic  pa thw ay  fu r th e r ox id iz ing  th e  in itia l o x id a tion  p roduc ts .
W hen  to lu ene  ox ida tion  w as  ca rried  o u t in w ho le  ce lls  o f w ild  type  M s . t r ic h o s p o r iu m  
O B 3b  o ve r a 48  h pe riod  as  de sc rib ed  in C ha p te r 3 (T ab le  3 .2 ), th e  p ro du c t 
d is tr ib u tio n  show ed  the  m a jo r o x ida tion  p rodu c t as 63%  p -c reso l. H ow eve r w hen  a 5 
m in  ox ida tion  assay  w as  ca rried  ou t w ith  to lu ene , th e  w ild  type  M s . t r ic h o s p o r iu m  
O B3b  ce lls  show ed  benzy l a lcoho l as th e  m a jo r o x ida tion  p ro du c t a t 71%  (T ab le  4 .4 ). 
T h is  d iffe re n ce  in p rodu c t d is tr ib u tio n  is m os t like ly  due  to  th e  a c tio n  o f m e thano l 
d e h yd rogenase  w o rk in g  on th e  benzy l a lcoho l. T h is  en zym e  has been  show n  to  
have  an a c tiv ity  tow a rd s  benzy l a lco ho l th a t is 52%  th a t o f th e  a c tiv ity  tow a rd s  th e  
na tu ra l sub s tra te  m e thano l (M oun tfo rt, 1990).
S im ila rly  o x id a tio n  o f e th y l b enzene  by w ild -typ e  O B3b  ce lls  fo r  1 h gave  78%  4 -
e th y lpheno l as th e  p r im a ry  o x id a tio n  p rodu c t (F ig. 7 .4 , 7 .5 ). H ow eve r w hen  w ild - ty p e
OB3b  ce lls  w e re  le ft fo r  48  h in cuba tio n s  w ith  e th y l b enzene  th e  m a jo r o x id a tio n
p rodu c t w as  95%  1-pheny l e th ano l (T ab le  3.3 ). W hen  m es ity le ne  w as  th e  sub s tra te ,
a ssays  had to  be run fo r  1 h be cause  24  h and  72 h a ssa ys  show ed  none  o f th e
e xpec ted  ox ida tion  p roduc ts . H ow eve r tra ce  am oun ts  o f 3 ,5 -d im e th y l b e n zo ic  ac id
w e re  de te c te d  a t all th re e  tim esca le s , ind ica ting  fu r th e r o x id a tio n  o f th e  3 ,5 -d im e th y l
benzy l a lcoho l p rodu c t (T ab le  4 .9 , Fig. 7 .6 ).
1 7 7
Methanol dehyd rogenase is not the only en zym e  in the m etabolic pa thway that could  
alter the  product distribution in reactions initiated by the action o f sMMO . A  genera l 
aldehyde dehydrogenase has been described in Ms. trichosporium O B 3b  capab le  of 
fu rther oxidizing the primary oxidation products (Pate l et al. 1980 ). A  secondary  
alcohol specific dehydrogenase has also been described within Ms. trichosporium 
which m ay also act upon the  oxidation products o f various substrates tested  in this 
work (Hou  et al. 1979 , 1981 ). In particular this secondary alcohol dehydrogenase  
has been shown to have a high activity towards 2-butano l which m ay  be one o f the  
factors why this oxidation product was  not detected  by e ither the wild type or any  o f 
the  mutants. Th ese  enzym es  are  soluble and therefo re  are  also expec ted  to be  
present within the  soluble extract used for the assays; hence, the  only w ay  
complete ly  to exclude their action would be to use purified sM MO  protein.
In light o f the  presence other enzym es, every  effort w as taken  to m ake  assay  tim es  
as short as possible to get the most accurate  da ta  and to m inim ize the effects  o f 
other enzym es  upon the assays. S ince a large concentration o f NADH  or fo rm ate  is 
added  at the  start o f the  reaction, during the initial phase o f the reaction th ere  is an  
excess o f reducing equivalents which presumably  favour the action o f the  
monooxygenase (which require reducing equ ivalents). H ow ever as  the reducing  
equivalents get used up there  will be an increase in oxidized cofactors requ ired by 
the other enzym es  such as methano l dehyd rogenase. T h e  data  from  the longer 
assay tim es are  still valid as long as comparison o f mutants and wild type en zym es  
are  carried out over the sam e time period and the possibility o f fu rther oxidation o f
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(som e  o f the ) p rodu c ts  is ta ken  in to  a cco un t w hen  in te rp re tin g  th e  resu lts . H oweve r, 
com pa riso n s  have  no t been  m ade  be tw een  re su lts  from  assa ys  ca rried  ou t o ve r 
d iffe re n t t im e  pe rio d s  such  as the  to lu e ne  ox ida tion  assa ys  in C ha p te r 3 and  C hap te r 
4, b e cause  it is g e ne ra lly  no t p o ss ib le  to  sepa ra te  e ffe c ts  o f change s  in sub s tra te  
d is tr ib u tio n  from  the  sMMO  en zym e  from  the  e ffe c ts  o f th e  sub sequ en t en zym es .
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8 .4  D if fe ren t e xp ress io n  leve ls  b e tw een  ba tches  a ffec ts  ra te
ana lys is
A no th e r p rob lem  en coun te red  in th is  p ro je c t w as  va r ia tio n  in e xp re ss io n  le ve ls  
be tw een  d iffe re n t ba tches  o f th e  sam e  s tra ins , w hen  th e  cu ltu re  cond itio n s  had been 
changed  (e.g. va ry in g  leng ths  o f tim e  fo r  g row th ). In C hap te r 6, th e  a c tiv ity  o f the  
w ild -typ e  s tra in  M s . t r ic h o s p o r iu m  O B 3b  w as  com pa red  ag a in s t th e  a c tiv ity  from  M s. 
t r ic h o s p o r iu m  SMDM  con ta in in g  re com b in an t w ild -ty p e  sMMO  genes  on  th e  p la sm id  
pT 2M L -W T , th e  new  e xp re ss io n  p la sm id  en cod ing  fo r  th e  w ild  type  enzym e . In th is  
case  bo th  ba tches  w e re  g row n  in th e  fe rm en to r un til th e  cu ltu res  te s ted  p o s itive  fo r  
sMMO  a c tiv ity  ( O D 6 o o  = 5 -6 ) us ing  th e  naph tha le n e  ox id a tio n  te s t and  then  th e y  
w e re  ha rves ted . T h e se  ba tches  w e re  assayed  us ing  bu tane  and naph th a le n e  as th e  
subs tra te s . S in ce  bo th  cu ltu re s  w e re  g row n  to  s im ila r op tica l d e n s itie s  us ing  th e  
sam e  cond ition s , th e  re su lts  w e re  used  to  com pa re  th e  new  e xp re ss io n  sys tem  
aga in s t the  w ild  type  enzym e . T he  ce lls  e xp re ss in g  th e  w ild  type  e n zym e  us ing  th e  
new  e xp re ss io n  sys tem  w e re  show n  to  have  a c tiv ity  s im ila r to  th a t o f w ild  typ e  M s. 
t r ic h o s p r iu m  O B 3b  (T ab le  6 .3  - 6 .4 ). H ow eve r in C ha p te r 4, th e  sam e  bu tane  and 
n a ph tha lene  assa ys  w e re  ca rried  o u t w ith  a ba tch  o f w ild  type  M s . t r ic h o s p o r iu m  
O B3b  th a t w e re  ha rves ted  a t a m uch  h ig he r op tica l d e n s ity  ( O D 6 o o  = ~ 1 0). W hen  
na ph tha lene  w as  assayed  w ith  th is  ba tch  o f ce lls  th e  a c tiv ity  had 83 -fo ld  in c re a se  
com pa red  to  th e  ba tch  o f w ild  type  O B3b  ce lls  g row n  to  a low e r op tica l d e n s ity  
(T ab le  4 .2 ). S im ila rly  w hen  bu tane  w as  th e  sub s tra te  w ild  typ e  O B3b  ce lls  g row n  a t a 
h ig he r op tica l d e n s ity  show ed  a 185-fo ld  in c re ase  com pa red  to  th o se  g row n  a t a 
low e r op tica l d e n s ity  (T ab le  4 .3 , 6 .4 ). T he  va s t d iffe re n ce  in e xp re ss io n  leve ls  
be tw een  th e se  ba tches  h igh ligh ts  th e  need  to  w o rk  w ith  pu rifie d  p ro te in s  fo r  m o re  
de ta iled  cha ra c te riza tio n  o f the  re com b inan t en zym es .
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8 .5  S ite  d irec ted  m u ta tio n s  based  upon  BMO  do  no t c o n fe r  “ BMO -
lik e ” reg io se lec tiv ity .
The  s ite  d ire c ted  m u tagenes is  o f re s id ues  nea r th e  ac tive  s ite  o f sMMO  to  the  
hom o logou s  re s idues  w ith in  bu tane  m onoo xygen ase  has a llow ed  the  com pa riso n  o f 
th e se  tw o  enzym es . A s  m en tio ned  p rev ious ly , o f th e  19 repo rted  pu ta tive  sub s tra te - 
in te rac tin g  re s idues  a round  th e  ac tive  s ite  o f sMMO  th e re  a re  14 th a t a re  con se rved  
w ith in  BMO  (S lu is  e t  al. 2002 ). H ow eve r, a lth ough  th e re  is a h igh  deg ree  o f s im ila r ity  
be tw een  th e se  tw o  en zym es  th e re  a re  som e  la rge  d iffe re n ce s  in th e ir  a c tiv ity . T he  
bu tane  m onoo xygenase  e n zym e  has a m uch  sm a lle r sub s tra te  range  com pa red  to  
sMMO  and has ve ry  low  a c tiv ity  tow a rd s  m e thane . T he  bu tane  m onoo xygen ase  
en zym e  ox id ize s  a lka nes  w ith  a s tro ng  b ias  tow a rd s  p r im a ry  o x id a tio n  a t th e  te rm in a l 
ca rbon  (A rp  1999). In c o n tra s t to  th is  sMMO  show s  a m ix tu re  o f bo th  te rm ina l and  
sub te rm ina l o x id a tio n  w ith  va ry in g  s to ic h iom e tr ic  ra tios  d epend ing  on  th e  su b s tra te  
used  (C o lb y  and  D a lton , 1977; B u rrow s  e t  a l. 1984 ; Fox e t  a l  1990). T h e  a c tive  s ite  
re s idues  w h ich  d iffe red  be tw een  sMMO  and bu tane  m onoo xygenase  w e re  s tu d ie d  to  
in ve s tig a te  th e ir  ro les  in de te rm in ing  th e  d iffe re n ce s  in a c tiv ity  show n  by  th e se  tw o  
enzym es . T he  bu tane  m onoo xygenase -ba sed  sMM O  s ite -d ire c ted  m u tan ts  show ed  
ve ry  s im ila r re su lts  to  w ild  type  sMMO  w ith  re spec t to  th e  re g io se le c tiv ity  o f th e  
en zym e  w ith  a lm o s t a ll su b s tra te s  s tud ied . V a rio u s  a rom a tic  and  a lip h a tic  s u b s tra te s  
w e re  ox id ized  by th e se  m u tan t en zym es  and, w ith  th e  e xcep tio n  o f th e  o x id a tio n  o f 
m es ity le ne  by th e  M 184V  m u tan t (d iscu ssed  la te r in th is  chap te r) th e re  w as  no  
change  in th e  re g io se le c tiv ity  o f  an y  o f th e se  m u tan ts  com pa red  to  th e  w ild  ty p e  
en zym e  (T ab les  4.1 - 4 .9 , F igs. 4 .4  - 4 .5 ).
181
A s  m en tio ned  p re v iou s ly  bu tane  m onoo xygenase  o x id ize s  bu tane  and p ropane  
p re dom inan tly  to  1-bu tano l and 1-p ropano l, re spec tive ly . T h e  G 113N  m u ta tion  o f 
bu tane  m onoo xygenase  led to  92 % o f th e  ox ida tion  p rodu c t a ccum u la tin g  as 2- 
bu tano l w hen  bu tane  w as  th e  sub s tra te  com pa red  w ith  up to  90%  1-bu tano l 
p roduced  by w ild  type  bu tane  m onoo xygenase  (A rp , 1999; H a lsey  e t a l .  2006 ). 
P ropane  ox ida tion  by  th e  G 113N  bu tane  m onoo xygen ase  m u tan t w as  e xc lu s iv e ly  
sub  te rm in a l a t a ra te  w h ich  w as  2 .7  fo ld  g re a te r than  th a t o f the  w ild  type  e n zym e  
(H a lse y  e t  a l. 2006 ). T h is  m u tan t a lso  show ed  e v id en ce  o f an  a lte red  re g io se le c tiv ity  
tow a rd s  d ich lo ro  and tr ic h lo ro e th y le ne . H ence  th e  G 113N  m u tan t, w he re  a BMO  
re s idue  w as  rep laced  by  its sM M O  equ iva le n t, m ade  BMO  m o re  s im ila r  to  sMMO .
The  co rre spond ing  m u ta tion  w ith in  sM M O  is th e  N 116G  m u tan t, w h ich  had ve ry  litt le  
a c tiv ity  tow a rd s  any  o f th e  a lka ne s  te s ted  in c lud ing  bu tane  and  p ropane . A c tiv ity  o f 
th is  m u tan t tow a rd s  a rom a tic  com pounds  w as  de te c ta b le ; how eve r, th e re  w as  no 
e v id en ce  o f a lte red  re g io se le c tiv ity  in th e  ox id a tio n  o f e th y lb en zene , m es ity le ne , 
b ipheny l o r to lu ene  com pa red  to  th e  w ild  type  enzym e . A  s lig h t change  in 
re g io se le c tiv ity  w as  seen  w ith  th e  o x id a tio n  naph th a le n e  by  th is  m u tan t. T h e  w ild  
type  e n zym e  show ed  th e  m a jo r n aph ta lene  ox id a tio n  p rodu c t as 2 -n a p h th o l (57% ). 
T h is  p rodu c t d is tr ib u tio n  w as  changed  w hen  N 116G  ox id ized  n a ph th a le n e  w ith  56%  
1 -nap tho l as  the  m a jo r o x id a tio n  p rodu c t (F ig. 6 .3 , T a b le  6 .2 ).
T he  C 151T  m u tan t show ed  a dec rea sed  p ropo rtio n  o f in te rm ina l o x id a tio n  w ith  a ll 
su b s tra te s  assayed  w ith  th e  excep tion  o f bu tane ; w he re  no se conda ry  a lcoho l 
p rodu c t w as  de tec ted  w ith  e ith e r th e  w ild  typ e  o r th e  C 151T  m u tan t. T he  o x id a tio n  o f
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naph tha lene , m es ity le ne  and b ipheny l by  C 151T  show ed  ve ry  litt le  ch a nge  in 
re g io se le c tiv ity  com pa red  to  th e  w ild  type  e n zym e  T he  C 151T  m u tan t show ed  a 1.5%  
reduc tio n  in 2 -naph th o l p rodu c tio n  com pa red  to  th e  w ild  typ e  w hen  n a ph tha le n e  w as  
th e  sub s tra te  (T ab le  4 .2 ). T he  ox ida tion  o f m e s ity le ne  by  th is  m u ta n t show ed  on ly  a
0 .8%  reduc tio n  in th e  p re dom inan t o x ida tion  p rodu c t 3 ,5  d im e th y l-b en zy l a lcoho l 
com pa red  to  th e  w ild  type . H ow eve r th is  w as  a 5 fo ld  in c re ase  in th e  p rodu c tio n  o f 
th e  2 ,3 ,5 - tr im e th y lp h eno l ring h yd ro xy la tio n  p rodu c t (T ab le  4 .9 ). T he  o x id a tio n  o f 
b ipheny l show ed  a 2%  reduc tio n  in th e  p re dom inan t 4 -h yd ro xyb ip h en y l and  a 9 .7  
fo ld  in c re ase  in th e  o x ida tion  p rodu c t 3 -h yd ro xyb ip hen y l com pa red  to  w ild  type  
sMMO  (T ab le  4 .6 ). W hen  to lu ene  w as  th e  sub s tra te  th e  am oun t o f benzy l a lco ho l 
p roduced  w as  re duced  from  71%  w ith  th e  w ild  typ e  to  60%  w ith  th e  C 151T  m u tan t.
In all th e se  ca se s  th e  m a jo r o x id a tio n  p rodu c t rem a ined  th e  sam e  as th e  w ild  type  
sMMO . T he  g re a te s t change  in re g io se le c tiv ity  b e tw een  w ild  typ e  sM M O  and  th e  
C 151T  m u tan t w as  seen  w ith  th e  sub s tra te  hexane . T he  p rodu c t d is tr ib u tio n  o f 
h e xane  ox ida tion  by w ild  type  sMMO  show s  1 -hexano l as  th e  p re d om in a n t o x id a tio n  
p rodu c t a t 64 .3%  o f the  to ta l hexane  ox ida tion  p rodu c ts  (T ab le  4 .8 ). T h is  is a lte red  in 
th e  C 151T  m u tan t to  51%  2 -hexano l as  th e  m a jo r he xane  o x id a tio n  p roduc t, a 
change  show ing  th e  la rges t in c re ase  sub  te rm in a l o x id a tio n  de te c te d  w ith  all 
su b s tra te s  te s ted  w ith  th is  m u tan t.
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8.6  S in g le  m u ta tio ns  o f sM M O  ac tive  s ite  res idues  to  BMO
coun te rp a rts  a re  no t s u ff ic ie n t to  c o n fe r  a BM O -like  a c tiv ity
The  va r io u s  s ite  d ire c ted  m u tagene s is  s tud ie s  ca rried  ou t by th e  A rp  g roup  on 
bu tane  m onoo xygenase  have  p rov ided  som e  in s ig h t in to  the  ro le  o f p a rtic u la r 
re s id ues  w ith in  the  BMO  en zym e  (H a lse y  e t  a l. 2006 , 2007 ; D ough ty  e t  a l. 2 007 ; 
C oo le y  e t  a l. 2009 ). By c rea ting  th e  co rre sp ond ing  m u tan ts  w ith in  sM M O  it w as  
hoped  th a t th e  ro le s  o f key  d iffe re n ce s  w ith in  th e  h igh ly  con se rved  a c tive  s ite  and  
p roposed  sub s tra te  b ind ing  ca v ity  o f th e se  tw o  hom o lo gou s  enzym es , cou ld  be  
p robed  to  ga in  in s ig h t in to  w ha t m akes  th e se  h igh ly  s im ila r e n zym es  have  such  
d iffe re n t a c tiv itie s  and sub s tra te  ranges. T he  G 113N  m u tan t o f b u tane  
m onoo xygenase  show ed  a d e c re a se  in spe c ific  a c tiv ity  tow a rd s  bu ta n e  and  an 
in c re ase  in spe c ific  a c tiv ity  tow a rd s  m e thane  and  so w as  repo rted  as be ing  
pa rticu la rly  s ig n if ic a n t in d e te rm in ing  th e  d iffe re n ce s  in th e  a c tiv ity  b e tw een  bu ta n e  
m onoo xygenase  and  sMMO . The  co rre spond ing  N 116G  m u tan t w ith in  sM M O  w as  
c rea ted  to  p robe  the  s ig n ifica nce  o f th is  res idue . T he  a c tiv ity  o f th is  e n zym e  tow a rd s  
bu tane  w as  a ssayed  by GC  as de sc rib ed  e a rlie r and  a c tiv ity  w as  to o  low  to  be  
de te c te d  us ing  th is  m e thod  (<0.01 nm o l m in '1 m g p ro te in '1).
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The  a c tiv ity  o f a n o th e r bu tane  m onoo xygenase  m u tan t L279F  a lso  show ed  reduced  
ac tiv ity  tow a rd s  a ll su b s tra te s  a ssayed  how eve r it d id  show  a lte red  re g io se le c tiv ity  
tow a rd s  a lkane  sub s tra te s  and ch lo roe th y lenes . T he  co rre spond ing  m u tan t F 282L  
w ith in  sMMO  p roduced  an en zym e  w ith  h yd ro xy la se  subun its  th a t w e re  de te c ta b le  
by  SDS  PAGE  ind ica ting  th a t th e  e n zym e  w as  syn th es ised  and a ccum u la te d  in the  
ce lls . H ow eve r no a c tiv ity  w as  de te c te d  w ith  th is  m u tan t and  any  o f th e  sub s tra te  
o x ida tion  a ssays  de sc rib ed  inc lud ing  sho rt cha in  a lkanes  (p ropane , bu tane , hexane ), 
a lke nes  (p ropy lene ), sub s titu te d  m onoa rom a tic s  (to luene , e th y l b en zene ) and 
d ia rom a tic s  (n aph tha lene ). In c o n tra s t to  th is  th e  M 184V  sMM O  m u tan t w h ich  has 
good  w ho le  ce ll a c tiv ity  w ith  a ll th e  a rom a tic  sub s tra te s  te s ted  and  g ive s  a s trong  
pu rp le  p rodu c t w ith  th e  co lo rim e tr ic  n a ph tha lene  ox ida tion  assay.
T he  un success fu l a ttem p ts  to  re cove r th e  a n a logous  V 181M  m u tan t v ia  s ite  d ire c ted  
m u tagene s is  o f b u tane  m onoo xygenase  led to  th e  con c lu s ion  th a t p e rhaps  th is  
m u ta tion  y ie lded  a bu tane  a -h yd ro xy la se  th a t cou ld  no t su p po rt b u tane  ox id a tio n  
(H a lse y  e t  a l. 2006 ). T hese  re su lts  show  th a t th e  ro le  o f th e se  key  am in o  ac id  
d iffe re n ce s  be tw een  the  tw o  en zym es  a re  m o re  com p le x  than  f irs t th ough t. T h e  s ite  
d ire c ted  m u tagenes is  o f th e se  re s idues  w ith in  sMMO  to  th e ir  cou n te rp a rts  w ith in  
BMO  does  no t con fe r a “ BM O -like ” a c tiv ity  upon  th e se  m u tan t e n zym es  in te rm s  o f 
o x id a tion  ra te  o r re g io se le c tiv ity . T he  c rea tion  o f a m u tan t w ith in  BMO  th a t has 
re duced  bu tane  a c tiv ity  and  in c reased  m e thane  a c tiv ity  does  no t m ean  th a t th e  
re ve rse  m u ta tion  w ith in  sMMO  w ill have  th e  oppos ite  e ffec t. T he  s ta b ility  o f th e se  
m u tan ts  is a lso  a fa c to r  to  con s id e r as m u tan ts  have  been  m ade  in bo th  e n zym es  
th a t have  in te res tin g  p rope rtie s  w he rea s  the  co rre spond ing  m u tan t in th e  
hom o logou s  m u tan t is un s tab le  a n d /o r inac tive .
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The  re su lts  he re  do  show  th a t m u ta ting  re s idues  th a t d iffe r be tw een  sMMO  and  BMO  
c rea ted  nove l m u tan ts  w ith  p ro pe rtie s  th a t shed  lig h t in to  how  the  SD IM O s  w o rk . T he  
c re a tio n  o f a C 151T  m u tan t w ith  reduced  te rm ina l o x id a tio n  ac tiv ity  im p lica te s  th is  
re s id ue  as be ing  im po rta n t in d e te rm in ing  reg io se le c tiv ity . T h is  w o rk  has  a lso  
p roduced  a n o th e r m u tan t M 184V  de sc rib ed  be low , w h ich  show s  a lte red  
re g io se le c tiv ity  tow a rd s  th e  nove l s ub s tra te  m es ity ie ne  th a t has im p lica tio n s  fo r  
s ub s tra te  tra ffic k in g  w ith in  sMMO .
8 .7  The  M 184V  m u tan t is an uns tab le  en zym e
In th e  s tud ie s  o f th e  M 184V  sMMO  m u ta tion  it w as  d isco ve red  th a t th is  m u ta n t th a t 
on ly  had a c tiv ity  in w ho le  ce lls . P re pa ra tio n s  o f so lu b le  e x tra c t had no  a c tiv ity  and  no 
h yd ro xy la se  su bun its  cou ld  be  seen  w hen  so lu b le  e x tra c t sam p le s  w e re  run on  an 
SDS  PAGE . T hese  re su lts  in d ica te  th a t th is  m u ta tion  y ie lded  a h yd ro xy la se  a -s u b u n it 
th a t w as  less  s tab le  than  the  w ild  type  enzym e . It is po ss ib le  th a t th e  pack ing  o f 
p ro te in s  w ith in  th e  bac te ria l ce ll a llow ed  th e  m u tan t h yd ro xy la se  to  m a in ta in  its 
s tru c tu ra l in te g rity  bu t th a t in th e  so lu b le  e x tra c t th e  reduc tio n  in pack ing  d e n s ity  
m ean t th a t in te g rity  w as  los t and led to  b reakdow n  o f the  enzym e .
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Fig 8 .2 ) Act ive  site  of sM M O show ing diiron cent re  (orange  sphe res) and residues chosen  for site  
directed m utagenesis in this study. Le u1 1 0  (red), Asn1 1 6  (m agenta), Cys1 5 1  (pink), M et184 (green), 
Phe188  (yellow ) and Phe282  (white). Th e  d ist ance  betw een M 184 and the diiron cent re  is d isp layed  a s a 
dotted line. Figure  w as constructed using X -ray cryst allograph ic data (PD P a cce ssio n  code  1M HY).
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8.8  E v id ence  o f su b s tra te  tra ff ic k in g  v ia  h yd rophob ic  c av itie s  1, 2
and  3
A lthough  the  m a jo rity  o f th e  “ BM O -lik e ” m u tan ts  show ed  no g rea t d iffe re n ce  in 
p rodu c t d is tr ib u tio n  com pa red  to  th e  w ild  type  en zym e  th e re  w as  one  no tab le  
e xcep tion . W hen  the  sub s tra te  m es ity le ne  w as  ox id ised  by th e  w ild  typ e  e n zym e  the  
o x ida tion  p rodu c t w as  a lm o s t e xc lu s ive ly  3 ,5 -d im e th y lb en zy l a lcoho l. H ow eve r w ith  
th e  M 184V  m u tan t th e re  w as  a lso  a second  ox id a tio n  p rodu c t iden tified  by  G CM S  as
3 .5 -d im e th y lb en za ld eh yde . T h is  p rodu c t m o s t like ly  a ro se  from  fu r th e r o x id a tio n  o f 
the  p r im a ry  o x id a tio n  p rodu c t 3 ,5 -d im e th y lb en zy l a lcoho l. O ne  po ss ib ility  fo r  th is  
re su lt is th a t th e  m u ta tion  p re ven ts  th e  ox id a tio n  p ro du c t from  ex iting  th e  a c tive  s ite  
as ea s ily  and  so  is fu r th e r ox id ized  to  th e  a ld ehyde  fo rm . T h is  m ay s u g ge s t th a t 
th e se  h yd rophob ic  cav itie s  a re  pa rt o f th e  e x it channe l in vo lved  in p ro d u c t e g re ss  
from  the  ac tive  s ite  and th is  m u ta tion  p re ven ts  p rodu c t eg re ss  d ire c tly  o r th a t th is  
m u ta tion  in d ire c tly  causes  a con fo rm a tio n a l change  e lsew he re  w ith in  th e  
hyd roxy la se  w h ich  p reven ted  th e  m es ity le ne  ox id a tio n  p rodu c t ex itin g  th e  a c tive  s ite . 
A n o th e r p o ss ib ility  is th a t the  m u ta tion  gave  rise  to  an en zym e  w ith  a low e r Km fo r
3 .5 -d im e th y lb en zy l a lcoho l and so th e  m u tan t had g re a te r a ffin ity  fo r  th e  o x id a tio n  
p roduc t. H ow eve r, th e  lo ca tion  o f th is  re s id ue  is 10 .99  A  aw ay  from  the  c lo se s t iron  
a tom  w ith in  th e  d iiron  cen tre  (F ig. 8 .2 ) and  so  is u n like ly  to  be  invo lved  d ire c tly  in th e  
b ind ing  o f th e  p rodu c t to  th e  ac tive  s ite  du ring  th e  o x id a tio n  re ac tion  and  so  th is  
w ou ld  m os t like ly  be due  to  a se conda ry  e ffe c t b ro ugh t a b ou t by c o n fo rm a tio n a l 
changes  due  to  th e  M 184V  m u ta tion .
1 8 8
A  num be r o f d iffe re n t p ro du c t bound  sM M O  hyd ro xy la se  c rys ta l s tru c tu re s  a ll have  a 
con tin uous  channe l from  so lve n t to  th e  ac tive  s ite  v ia  h yd rop hob ic  cav itie s  1, 2 and  3 
(C hap te r 1, Fig. 1.5; S az in sky  e t  a l  2004 ). T he  in te rfa ce  be tw een  h yd rophob ic  
cav itie s  1 a d ja cen t to  th e  ac tive  s ite  and ca v ity  2 con ta in  the  Leu 110 and Phe  188 
res idues . A s  e xp la in ed  p rev iou s ly , th e  d iffe re n t c on fo rm a tio n s  o f th e  Leu 110 re s idue  
in ox id ized  and reduced  fo rm s  o f sM M O  iden tifie d  by R osenzw e ig  e t  a l. (1997 ) led to  
th e  “ leu c ine  g a te ” h ypo thes is . T he  c rys ta l s tru c tu re s  o f va r io u s  a lco ho ls  bound  to  th e  
ac tive  s ite  show ed  an open  con fig u ra tio n  connec tin g  cav itie s  1 and  2 s im ila r to  th e  
"open " con fo rm a tio n  obse rved  by R osenzw e ig  and  co -w o rke r po ss ib ly  in d ica tin g  th a t 
a con fo rm a tio na l change  ta ke s  p la ce  th a t a llow s  e x it o f h yd ro xy la ted  p ro du c t from  
the  ac tive  s ite . W ith in  ca v ity  2 th e re  w e re  a n um be r o f d iffe re n t re s id ues  th a t w e re  
seen  to  a d op t a lte rna tive  con fig u ra tio n s  upon  b ind ing  o f p rodu c t to  the  a c tive  s ite  
in c lud ing  M e t-184  and P he -282 . It w as  a lso  no ted  th a t w ith  th e se  c rys ta l s tru c tu re s , 
m o vem en t o f the  P he -282  re s idue  w as  e ssen tia l fo r  th e  a ccom m oda tio n  o f o x id a tio n  
p rodu c t w ith in  th is  cav ity . T h e  re su lts  p resen ted  he re  show  th a t th e  F282L  m u tan t 
w as  s tab le  bu t un reac tive . O ne  poss ib le  e xp la na tio n  fo r  th is  w ou ld  be if th is  m u ta n t 
w e re  no lo nge r ab le  to  a d op t a con fo rm a tio n  th a t w ou ld  a llow  pa ssage  o f s u b s tra te  
th rough  th is  cav ity . T h e re  a re  a num be r o f p o ss ib ilit ie s  fo r  su b s tra te  e n try  and  e x it 
from  the  ac tive  s ite , e ith e r v ia  a gap  be tw een  th e  fo u r  he lix  bund le  co -o rd in a tin g  th e  
ac tive  site , v ia  in te rconnec tin g  h yd rophob ic  cav itie s  o r by  a m ix tu re  o f th e  tw o . T h e se  
re su lts  sh ow  th a t the  cav itie s  1 and 2 a re  im po rta n t in su b s tra te  tra ffic k in g  w ith  th is  
enzym e . S in ce  w hen  m es ity le ne  w as  used as a subs tra te , a m u ta tion  o f re s id ue  
M 184  w ith in  ca v ity  2 re su lted  in fu r th e r o x ida tion  o f th e  p r im a ry  o x id a tio n  p ro d u c t
3 ,5 -d im e th y lb en zy l a lcoho l to  th e  co rre spond ing  a ld ehyde . T h is  is p re sum ab ly  d u e  to
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in c reased  re ten tio n  o f th e  p r im a ry  o x id a tio n  p ro du c t w ith in  th e  ac tive  s ite  a ris in g  from  
a con fo rm a tio n a l change  w ith in  ca v ity  2 w h ich  re s tric ts  sub s tra te  exit.
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8 .9  S um m ary
The  re su lts  d iscu ssed  in th is  th e s is  have  g iven  im po rta n t in s igh ts  in to  th e  ro le  o f 
sp e c ific  re s id ues  in th e  a c tiv ity  o f  sMMO . A lth ough  th e  re su lts  d id  no t e s ta b lish  
w h e th e r Leu 110 has th e  p roposed  ga ting  fu n c tio n  re s tric tin g  a cce ss  to  th e  ac tive  
site , it w as  show n  tha t am ong  all sM M O  re s idues  s tud ied  to  da te , Leu 110 has  th e  
g re a te s t in flu ence  on re g io se le c tiv ity  o f sMMO  tow a rd s  a rom a tic  sub s tra te s .
A lth o u gh  th e  random  m u tagene s is  e xp e rim en ts  d id  no t y ie ld  a m u tan t c a p ab le  o f 
o x id iz in g  tr ia rom a tic  sub s tra te s  th is  m e thod  seem s  to  be  th e  bes t a p p roach  to  
p roduce  a m u tan t sMMO  enzym e  capab le  o f o x id iz in g  th e se  com pounds  by  a llow ing  
th e  sc reen ing  o f la rge  m u tan t lib ra rie s  us ing  th e  s im p le  co lo rim e tr ic  a s sa y  d e sc rib ed . 
By m od ify ing  th e  m e thods  desc ribed  he re  and  u tiliz ing  th e  new  e xp re ss io n  v e c to r  it 
m ay  be  poss ib le  to  c rea te  a random  m u tan t lib ra ry  th a t spans  the  w ho le  o f th e  
m m o X  g ene  and  so g re a tly  in c re ase  th e  chance s  o f d isco ve rin g  a tr ia rom a tic  
o x id iz in g  sMMO  m u tan t. A lth ough  am ino  ac id  se quen ce  in fo rm a tion  sugge s ts  th a t 
th e  ac tive  s ite s  o f bu tane  m onoo xygenase  a re  h ig h ly  s im ila r w ith  ve ry  few  d iffe r in g  
re s id ues , none  o f the  m u tan ts  th a t w e re  m ade  to  p rodu ce  an sM MO  th a t w as  “m o re  
s im ila r to  bu tane  m onoo xygen a se ” con fe rred  an y  o f th e  d is tin gu ish in g  c h a ra c te r is tic s  
o f th e  la tte r enzym es . T he  s ing le  am ino  ac id  changes  m ade  he re  d id  no t m ake  th e  
p rope rtie s  o f sMMO  m o re  s im ila r to  th o se  o f BMO . It is po ss ib le  th a t o th e r po in t 
m u ta tio n s  w ou ld  have  th is  e ffe c t on sMMO  o r th a t a com b ina tio n  o f m u ta tio n s  
(p e rh aps  in c lud ing  th o se  a lre ad y  m ade  s ing ly ) w ou ld  be  needed . T h is  d id  h ow eve r 
ind ica te  a num be r o f re s id ues  w h ich  w e re  im p lica ted  in a ffe c ting  re g io sp e c ific ity , in 
p a rticu la r th e  C 151T  m u tan t w h ich  show ed  re la xed  re g io sp e c ific ity  w ith  a ll s u b s tra te s
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tes ted . T he  use o f a new  sub s tra te  m es ity le ne  (1 ,3 ,5 -tr im e th y lb en zene ) has  p roved  
use fu l fo r  p rodu c t d is tr ib u tio n  and a c tiv ity  due  to  th e  lim ited  num be r o f po ss ib le  
po s itio ns  fo r  o x id a tio n .T he  use o f th is  new  sub s tra te  has  iden tified  th e  M 184V  
m u ta tion  w ith in  h yd rop hob ic  ca v ity  2 (F ig. 8 .3 ) as  hav ing  a s ig n if ic a n t e ffe c t on the  
e n zym e  a c tiv ity  and  suppo rts  th e  sugges ted  ro le  o f in te rconnec ted  h yd rophob ic  
cav itie s  in sub s tra te  tra ffic k ing .
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A pp en d ix  1 m ed ia  p repa ra tion
P rep a ra tio n  o f  1 x  NM S  M ed ium
© 100 m l 10 x  NMS  sa lts  so lu tion .
® 1 m l S od ium  M o lybda te  so lu tion
© 1 m l T ra ce  E lem en ts  S o lu tion .
© 0 .1 m l Fe ED TA  so lu tion .
© D ilu te  up to  1 L sdH 20
© A u to c la ve  a t 15 psi fo r  15 m inu tes .
Fo r so lid  ag a r p la te s  1.5 % ba c te rio lo g ica l a g a r (w t/v ) is a dded  to  NMS  m ed ium  
p rio r to  au to c la v ing . W hen  th e  NMS  is coo l enough  to  ho ld in th e  hand , 
a se p tica lly  add 10 m l p hospha te  bu ffe r. If th is  is d one  to o  ea rly  th e  p h o sph a te  w ill 
p re c ip ita te  out.
10 x  NM S  sa lts  s o lu tio n
© 10 g K N 0 3
© 10 g M g S 0 4.7H 20  (4 .8g M g S 0 4)
© 2g C aC I2.2H 20  
© up to  1 L sdH 20
FE  ED TA  so lu tio n
© 3 .8  g Fe ED TA  
© up to  100 m l s dH 20
Q
Sod ium  M o lyb d a te  so lu tio n
© 0 .5  g N aM o 0 4.2H20  
© up to  1 L sdh l20
1.1 ) P re p a ra tio n  o f  N itra te  M in e ra l S a lts  M ed ium  (0 .1m g /L tr  C u S 0 4.5H 20 )
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T ra c e  e lem en ts  so lu tio n
9 0.1 g C 11SO 4 .5 H 2O
• 0 .5  g F e S 0 4.7H20  
o 0 .4  g Z n S 0 4.7H20
•  0 .015  g H 3B 0 3
o 0 .05  g Co CI2.6H20  
© 0 .25  g ED TA  (di sod ium  sa lt)
© 0 .02  g M nC I2.4H 20  
0 0.01 g N iC I2.6H 20  
© up to  1 L w ith  sdH 20
D isso lve  the  above  in th e  spec ified  o rd e r in d is tille d  w a te r and  d ilu te  to  250  m l. S to re  
in th e  d a rk  (w rap  a round  w ith  A lum in ium  fo il).
P ho sph a te  B u ffe r
© 49 .7  g Na2H P 0 426  g 
•  39  g KH2P 0 4 
o Up to  1 L sdH 20
pH shou ld  be 6 .8  w ith o u t a lte ring . S te rilise  by au to c la v in g  in 100 m l a liq uo ts  and  
s to re  a t room  tem p.
1.2 ) L iqu id  LB  m ed ia :
© 10 g T ryp tone
© 5 g yea s t e x tra c t
© 10 g NaC I
© 100 j l iI 5M  NaOH
® up to  1 L sdH 20  
© A u to c la ve  a t 15 psi fo r 15 m inu tes  
Fo r so lid  aga r p la tes  1.5 %  bac te rio lo g ica l a g a r (w t/v ) is added  to  LB m ed ium  p r io r  to  
au to c la v ing
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1 .3 ) SO B  and  SO C  m ed ia
SO B  B ro th
© 20 .0  g o f  tryp to ne
© 5 .0  g o f ye a s t e x tra c t 
© 0 .5 g o fN a C I
© A dd  de ion ized  H20  to  a fin a l v o lum e  o f 1 L 
© A u to c la ve  a t 15 psi fo r 15 m in
A dd  10 m l o f filte r-s te r iliz e d  1 M M g C ^ a n d  10 m l o f filte r-s te r iliz e d  1 M M g S 0 4 p r io r 
to  use
SOC  B ro th
(p repa red  im m ed ia te ly  be fo re  use)
© 2 m l o f filte r-s te r iliz e d  20  % (w /v) g lu cose  o r 1 m l o f filte r-s te r iliz e d  
© 2 M g lu cose
© SOB  m ed ium  (a u to c la ved ) to  a fina l v o lum e  o f 100 m l
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1.1 ) P re p a ra tio n  o f  bu ffe rs  fo r  g e n om ic  tip  p ro to co l
A ppend ix  2 B u ffe r  p repa ra tion
B1 bu ffe r
•  18.61 g N a 2ED TA -2H 2 0
o 6 .06  g T r is  base  
© 800  m l d is tille d  w a te r.
© 50  m l 10%  Tw een -2 0  so lu tion  (v/v)
© 50 m l 10%  T rito n  X -100  so lu tion , (v/v)
© A d ju s t th e  pH  to  8 .0  w ith  HCI.
© Up to  1 L sdH 20
B2 b u ffe r
© 286 .5 9  g g u an id in e  HCI 
•  700  m l sdH 20  
® 200  m l 100%  Tw een -20  (v /v) 
© Up to  1 L sdH 20
Q B T  bu ffe r
© 43 .83  g NaC I,
® 10 .46  g MOPS
© 800  m l d is tille d  w a te r.
•  A d ju s t th e  pH to  7 .0  w ith  N aOH .
•  A dd  150 m l pu re  isop ropano l
© 15 m l 10%  T riton  X -100  so lu tion  (v/v)
® Up to  1 L sdH 20
QC  bu ffe r
o 58 .44  g NaCI,
© 10 .46  g MOPS  (free  ac id )
© 800  m l d is tilled  w a te r.
® A d ju s t the  pH  to  7 .0  w ith  NaOH . 
© A dd  150 m l isop ropano l, 
o Up to  1 L sdH 20
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QF  bu ffe r
•  7 3 .05  g NaCI
© 6 .06  g T ris  base
•  800  m l d is tille d  w a te r.
© A d ju s t th e  pH  to  8 .5  w ith  HCI. 
o A dd  150 m l pu re  isop ropano l.
© Up to  1 L sdH 20
1.2 ) B u ffe rs  fo r  H an ah an  P lasm id  tra n s fo rm a tio n  m e thod
DnD  S o lu tio n
© 1 .53 g D U
•  100 pi o f 1 M P o ta ss ium  ace ta te  so lu tion  (pH  7 .5 )
•  9 m l D im e th y lsu lfo x id e  (DM SO )
•  900  pi s dH 20
TFB  tra n s fo rm a tio n  b u ffe r
© 0 .74  g KCI
•  0 .89  g M nC I.4H 20
© 0 .1 5g C aC I2.2 H20
® 0 .08  g H exam ine  coba lt ch lo rid e
•  2 m l o f 0 .5  M 2 -(N -M o rp h o lin o )e th a ne su lfo n ic  ac id  po ta ss ium  sa lt so lu tio n  
(pH 6 .3 )
© Up to  100 m l sdH 20
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A pp end ix  3 SDS  PAGE  reagen ts  and  p ro toco l
RUNN ING  B U FFER
© 7 .2  g G ly c ine
© 1 .5 g T r is  
© 0 .5  g SDS  
© dH 20  up to  500  m l
R ESO LV IN G  B U FFER  (3  M T r is -H C I pH  8 .8 )
S TACK ING  B U FFER  (0 .5  M T r isH C I pH  6 .8 )
R E SO LV IN G  G EL  (12 .5  % )
® 4 .8 4  m l 40  % a c ry lam ide /b is  so lu tion
•  2 .5  m l re so lv ing  b u ffe r
•  2 .65  m l H20
© 0.1 m l 10 % g lyce ro l (v /v )
© 0.1 m l 1 0 %  SDS  
© 0 .5  m l 10 % A PS  (fresh  m ade)
© 5 pi T EM ED  (add  last)
S TACK ING  G EL
© 0 .83  m l 40  % a c ry lam ide /b is  so lu tion  
® 1.36 m l s ta ck ing  bu ffe r
© 2 .8  m l H20
© 50  pi 10 %  SDS (v /v )
© 50  pi 10 % g lyce ro l (v /v )
® 0 .5  m l 10 % A PS  (w t/v )
© 5 pi T EM ED  (add  last)
SAM PLE  B U FFER  (2x) (ge l load ing )
® 250  pi s ta ck ing  bu ffe r
« 200  pi 100 % g lyce ro l 
q 80  pi 0 .5  % b rom opheno l b lue  
© 100 pi (3 -m ercap toe thano l (100  % )
o 1.2 m l 1 0 %  SDS  (w t/v )
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STA IN  SO LU T IO N
® 450  m l m e thano l 
o 450  m l s dH 20
© 100 m l g la c ia l a ce tic  ac id
© 2 .5  g coom ass ie  b r illia n t b lue  R
DESTA IN  SO LU T IO N
o 300  m l m e thano l
« 100 m l g la c ia l a ce tic  ac id
o 600  m l s dH 20
SDS  PAGE  P ro toco l
© c lip  to g e th e r g la ss  p la tes  in c lud ing  ru bbe r lin ing  
© pou r reso lv ing  ge l un til fe w  mm  be low  leve l o f  w e lls  
® o ve rla y  ge l w ith  700  pi e th ano l o r is op ropano l
•  a fte r ge l has se t ( - 3 0  m in ) w ash  o ff  e th ano l w ith  w a te r and  b lo t o ff  e xce ss  
© a ssem b le  s ta ck ing  ge l and p o u r o ve r re so lv ing  ge l
© a llow  to  se t
•  rem ove  c lip s  and rubbe r sea l, a ssem b le  ge l ta n k  and  add  runn ing  b u ffe r 
® bo il 10 pi sam p le  fo r  10 m in
© add  10 pi sam p le  bu ffe r to  each  sam p le
•  run a t 130 v 150 m a fo r  30 m in  tu rn  to  150 v fo r  1 h r o r un til d ye  rea ches  
bo ttom  o f ge l.
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A pp en d ix  4  E thano l free  NADH  p repa ra tio n
P rep a ra tio n  o f  100m M  NADH
o 0 .7 635  g NADH  
© 1 0m l s dH 2O  
o D iv ide  in to  1 m l a liquo ts
E th e r  e x tra c tio n  o f  NADH
q A dd  250  |jl d ie th y l e th e r to  1 m l NADH
® R em ove  top  la ye r
© A dd  250  pi d ie thy l e th e r
© R em ove  top  la ye r
® d ry  o ve rn ig h t in E ppe nd o rf 5301 c o n cen tra to r
® A dd  1m l sdH 20  and vo rte x  till d is so lved .
S to re  a t in fo il a t -1 5  °C, use  w ith in  1 w eek .
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So lub le  m ethane  m onooxygenase  (sM M O ) from  m ethane-ox id iz in g  bacter ia  is a m u lticom ponen t nonhem e  
oxygenase  th a t na tura lly  ox id izes m ethane  to m ethano l and  can a lso  coox id ize  a w ide range o f  adven titiou s  
sub stra tes , in c lud ing  m ono- and  d iarom atic  hydrocarbons. L eucine 110, a t the  m outh  o f  the  active  s ite  in the  
a  subun it o f  the hydroxylase com ponen t o f  sM M O , h as been  suggested  to act a s  a ga te  to con tro l th e  a ccess  
o f  sub stra tes  to th e  active  s ite . P rev iou s crysta llography  o f  th e  w ild -type sM M O  has ind ica ted  a t le a s t  two  
con form ation s o f  the  enzym e that have th e  “ leuc in e  ga te” open  to d ifferent ex ten ts, and  m u tagen esis  o f  
hom ologous enzym es has ind ica ted  a role  for  th is  residu e  in  the con tro l o f  sub stra te  range and  reg iose lec tiv ity  
w ith  arom atic  sub stra tes . By fu rther  refin em en t o f  the  system  for hom ologou s exp ress ion  o f  sM M O  tha t we  
developed  prev iously , we have been  ab le  to  prepare a range o f  site -d irected  m u ta tion s  a t p osition  110 in  th e  a  
subun it o f  sM M O . A ll the  m u tan ts (w ith G ly, Cys, Arg, and  Tyr, respectively , a t th is  p o sition ) showed  
re laxa tion s o f  reg iose lectiv ity  com pared  to the  w ild  type w ith  m onoarom atic  sub stra tes  and  b ipheny l, in c lud ing  
the appearance  o f  new  products ar is in g  from  hydroxylation  a t the  2 - and  3 - p o sition s  on  th e  b enzene ring. 
M utan ts w ith  th e  la rger  Arg and  Trp residu es a t p osition  110 a lso  show ed  sh ifts  in  reg io se lectiv ity  during  
naph tha len e  hydroxylation  from  the  2- to  the  1- po sition . N o ev idence th a t m u tagen esis  o f  Leu 110 cou ld  a llow  
very large sub stra tes  to  en ter  the  active  s ite  was found , however, s in ce  th e  m u tan ts (lik e  th e  w ild  type) were  
inactive toward the  tr iarom atic  hydrocarbons an th racen e  and  phenan th ren e . T hu s, our r e su lts  ind ica te  tha t  
th e  “ leucin e g a te” in  sM M O  is m ore im portan t in  con tro llin g  th e  p rec is ion  o f  reg io se lec tiv ity  than  th e  s iz e s  o f  
sub stra tes th a t can en ter  the  active site .
S o lu b le  m e th a n e  m onooxyg en a se  (sM M O ) is o n e  o f  tw o 
en zym e  sy s tem s v ia w h ich  m e th an e -o x id iz in g  b a c te r ia  ca ta lyze  
th e  oxygen a tio n  o f  m e th a n e  to  m e th a n o l, w h ich  is th e  p a r t ic ­
u la r ly  ch a llen g in g  first s te p  in  th e  m e ta b o lism  o f  th e  k in e tic a lly  
u n re ac tiv e  m e th a n e  m o le cu le  (28). sM M O  is a m u ltic om p o ­
n e n t en zym e  e n co d ed  by th e  six -gene  o p e ro n  mmoXYBZDC, 
in w h ich  th e  ac tive  b in u c le a r  iro n  c e n te r  (8 , 45) th a t  is th e  site  
o f  m e th a n e  o x id a tio n  re s id e s  w ith in  th e  a  su b u n it o f  th e  hy ­
d roxy lase  c om p o n en t, e n c o d ed  by mm oX  (5 ). I t  m ay  b e  b e ­
c au se  m e th a n e  is a sm all a n d  u n fu n c tio n a liz e d  su b s tra te  th a t  
th e  h y d ro p h o b ic  p o ck e t o n  th e  hyd roxy lase  c om p o n e n t o f  
sM M O  th a t  h as  evo lved  to  b in d  m e th a n e  is a lso  ab le  to  a c ­
c om m od a te  a very  w ide  ra n g e  o f  h y d ro c a rb o n s  a n d  o th e r  m o l ­
e cu le s . In d e e d , sM M O , w ho se  know n  su b s tra te s  n um b e r  o v e r 
100, ra n g e  in  size from  m e th a n e  to  n a p h th a le n e  (2 ) a n d  b ip h e ­
nyl (23 ), a n d  a lso  in c lu d e  c a rb o n  m onox id e  a n d  am m on ia  (37), 
m u s t su re ly  b e  am ong  th e  m o s t c a ta ly tica lly  v e rsa tile  o f  all 
k now n  enzym es.
T h e  u n u su a l c a ta ly tic  v e rsa tility  o f  sM M O  h a s  led  to  in te re s t 
in  its p o te n t ia l  as a  b io ca ta ly s t fo r  b io rem ed ia tio n  an d  sy n th e tic  
c h em is try  as w ell as an  in te re s t  in  how  th e  s tru c tu re  o f  th e  
en zym e  fa c ilita te s  so  w ide  a  s u b s tra te  ra n g e . T h e  h y d ro phob ic  
s u b s tra te  b in d ing  site  o f  sM M O , w h ich  is b e liev ed  to  b e  r e ­
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sp o n s ib le  fo r b in d in g  its w ide  ra n g e  o f  s u b s tra te s , is a d ja c e n t to  
th e  ac tive  b in u c le a r  iro n  c e n te r  a n d  is d e ep ly  b u r ie d  in  th e  
2 50 -kD a  ( a f ty ) ,  hyd roxy lase  c om p o n e n t (9 , 12, 31 ), p r e s u m ­
ab ly  to  p re v e n t th e  so lv en t from  q u e n ch in g  th e  h igh ly  ox id iz ing  
d ife rry l in te rm e d ia te  O  ( 2 2 ,3 3 ,3 5 )  th a t  is n e e d e d  to  o x yg en a te  
m e th a n e  a n d  o th e r  re c a lc it ra n t su b s tra te s . A ccess  to  th e  ac tive  
s ite  is likely  to  b e  v ia  a n o th e r  h y d ro p h o b ic  p o c k e t, cav ity  tw o, 
w h ich  is p a r t  o f  a c h a in  o f  b u r ie d  cav itie s  th a t  c om m u n ic a te  
b e tw een  th e  ac tiv e  s ite  a n d  th e  so lv en t. B e tw een  cav ity  tw o  a n d  
th e  ac tive  s i te  lies th e  “ le u c in e  g a te ,” re s id u e  L e u  110. D iffe r ­
e n t  c ry sta l fo rm s  o f  th e  h yd roxy lase  d iffe r in  th e  c o n fo rm a tio n  
o f  L eu  110, su ch  th a t  in  th e  c ry s ta l s ta te  it c a n  e i th e r  b lo ck  th e  
p a thw ay  b e tw een  cav ity  tw o  a n d  th e  ac tiv e  s ite  o r  (in  th e  
a lte rn a t iv e  c o n fo rm a tio n )  o p e n  a 2 .6 -A -d iam e te r  c h a n n e l b e ­
tw een  th e  tw o  cav itie s . A  la rg e r  c o n fo rm a tio n a l c h an g e , su ch  
as m ay  b e  c a u sed  by in te ra c t io n  w ith  th e  o th e r  c om p o n e n ts  o f  
th e  sM M O  com p lex , co u ld  o p e n  th is  “ le u c in e  g a te ” f u r th e r  to  
a llow  p a ssag e  o f  su b s tra te s  a n d  p ro d u c ts  (30 ), re a s o n a b ly  a c t ­
ing  to  co n tro l th e  access  o f  s u b s tra te s  to  th e  ac tiv e  s ite .
O th e r  m onooxyg en a se s  h om o lo g o u s  to  sM M O , w h ich  n a tu ­
ra lly  ox id ize  m o le cu le s  co n s id e ra b ly  la rg e r  th a n  m e th a n e ,  h av e  
n a r ro w e r  s u b s tra te  ra n g e s  th a n  sM M O  (21 ). T h e r e  is a n  X -ray  
c ry s ta l s t ru c tu re  fo r  o n e  o f  th e s e  enzym es , to lu e n e  o -xy lene  
m onooxyg en ase , in  w h ich  th e  o p e n in g  to  th e  a c tiv e  s ite  is w id e r  
th a n  th a t  o b se rv ed  in  sM M O  (33 ). W h ile  a  m o re  o p e n  ac tiv e  
s ite  is c o n s is te n t w ith  th e  la rg e r  n a tu ra l  s u b s tra te  o f  th is  e n ­
zym e, it is c le a r  th a t  th e  ac tiv e  s ite  o f  sM M O  c an  o p e n  suffi­
c ien tly  to  a llow  e n try  o f  a rom a tic  su b s tra te s .
M u tag en e s is  s tu d ie s  o f  h om o lo g o u s  m on o o x y g en a se s  w ho se  
n a tu ra l  s u b s tra te s  a re  m o n o a rom a tic  h y d ro c a rb o n s  h av e  in d i ­
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TABLE 1. Plasmids and M. trichosporium strains
Plasmid or strain Description Source or reference
Plasmids
p34S-Gm Broad-host-range TnA/orZ-dcrived plasposon, 3.6 kb; Apr Gmr 7
pBBR!MCS5 Broad-host-range cloning vector, 4.8 kb; Gmr Mob+ lacZ' 20
pBBRlMCS5b Broad-host-rangc cloning vector, 4.3 kb; Gmr Mob+ lacZ' This study
pKlSmobsacB Mobilizable plasmid with narrow-host-range (pUC18-derived) replicon, 3.8 kb;
oriT Kmr lacZ' sacB 
Cloning vector, 2.7 kb; Apr lacZ'
34
pUC19 43
pMD2 10-kb Kpnl insert of pTJS176, containing mmoRGXYBZDC, cloned into This study
pMD-Mdell
pBBRlMCS5b; Gmr 
pUC19 containing a 2.2-kb fragment spanning mmoG of M. trichosporium and a This study
pMD-Mdcl2
1.2-kb fragment containing 'mmoC\ Apr 
pMD-Mdcllwith the 0.87-kb Gmr cassette of p34S-Gm cloned into the BamHI site This study
pMD-Mdel3
between mmoG and 'mmoC; Gmr Apr 
pKlSmobsacB containing the 4.3-kb mmoG-Gmr-'mmoC fragment from This study
pNPBlOl
pMD-Mdel2; Gmr Knr 
PUC18 carrying the 1.0-kb Xbal-Ndel fragment of pSJHla, including mmoX' This study
pTJS140 Broad host-rangc cloning vector, 7.5 kb; Mob+ Apr Spr Smr lacZ' 38
pTJS175 10-kb Kpnl insert of pTJS173 cloned into pTJS140 in the same direction as lacZ'; 38
pTJS176
Apr Spr Smr
10-kb Kpnl insert of pTJS173 cloned into pMTL24; Apr 38
M. trichosporium strains
OB3b Wild-type, sMMO-positive strain Laboratory stock
Mutant F Knr; sMMO-minus double crossover mutant of OB3b partially deleted in mmoX 26
SMDM Gmr; sMMO-minus double crossover mutant of OB3b deleted in mmoXYBZD and This study
SMDM-sMMO
the first 3 codons of mmoC 
SMDM into which pTJS.1.75 had been introduced by means of conjugation This study
In  o rd e r  to  p ro b e  th e  ro le  o f  L eu  110 in  sM M O , w e h e re  
re p o r t  fu r th e r  re f in em en ts  in  th e  h om o lo g o u s  ex p re s s io n  sys ­
tem  fo r sM M O  th a t w e p rev iou s ly  d e v e lo p e d  (25 , 38) in  o rd e r  
to  o v e rcom e  p ro b lem s  a s so c ia te d  w ith  e x p re s s io n  o f  th e  e n ­
zym e in  Escherichia coli. S e v e ra l m u ta t io n s  a t  p o s i t io n  110 in  
th e  a  s u b u n i t  o f  th e  h y d ro x y la se  h av e  b e e n  a n a ly z e d  u s in g  
b u lk y  a ro m a t ic  s u b s tr a te s  in  o r d e r  to  e v a lu a te  th e  ro le  o f  
th is  r e s id u e  in  th e  sM M O  sy s tem  an d  to  c o m p a r e  its  f u n c ­
t io n  to  th a t  o f  th e  e q u iv a le n t  r e s id u e s  in  th e  a ro m a t ic  m o ­
n o o x y g en a se s .
M A T E R IA L S  A N D  M E T H O D S
B a c t e r i a l  s t r a i n s ,  p l a sm i d s ,  a n d  c u l t u r e  c o n d i t i o n s .  D e t a i l s  o f  p la sm id s  a n d  
m e t h a n o t r o p h  st r a in s u se d  d u r i n g  t h is st u d y  a r e  g i v e n  i n  T a b l e  1. P l a sm i d  
c o n s t r u c t i o n  a n d  s i t e - d i r e c t e d  m u t a g e n e si s w e r e  a c c o m p l ish e d  u s i n g  E. coli 
st r a in s I N V a F ' ,  T O P IO  ( I n v i t r o g e n ) ,  a n d  X L - 1 0  G O L D  ( St r a t a g e n e ) .  T h e  d o n o r  
s t r a i n  f o r  co n j u g a t i o n  o f  p l a sm id s i n t o  Methylosinus trichosporium w a s E. coli 
S1 7 -1  ( 3 6 ) .  E. coli st r a in s w e r e  cu l t i v a t e d  a t  3 7 °C  in  L B  m e d i u m  o r  o n  L B  a g a r  
p la t e s.  St r a i n s  o f  M. trichosporium w e r e  c u l t i v a t e d  a t  3 0 °C  o n  n i t r a t e  m i n e r a l  sa l t s 
( N M S)  a g a r  p la t e s a n d  in  N M S m e d i u m  in  f l a sk  a n d  f e r m c n t o r  c u l t u r e ,  u si n g  
m e t h a n e  a s t h e  ca r b o n  a n d  e n e r g y  so u r c e ,  a s d e sc r i b e d  p r e v i o u s l y  ( 3 8 ) .  A s  
p r e v i o u s l y  d e sc r i b e d ,  c e l l s  w e r e  c u l t i v a t e d  in  a f e r m cn t o r  i n  N M S m e d i u m  
c o n t a i n in g  0 .1  m g  l i t e r - 1  (0 .4  | xM ) o f  C u S 0 4 • 5 H 20  a n d  i n d u c t io n  o f  sM M O  
o c cu r r e d  w h e n  t h e  cu l t u r e  o p t i ca l  d e n si t y  a t  6 0 0  n m  ( O D 6IK))  e x ce e d e d  a b o u t  5 .0 , 
w h e n  t h e  c o p p e r - t o - b io m a ss r a t i o  b e cam e  lo w  e n o u gh  t o  i n d u c e  sM M O  g e n e s.  
W h e r e  n e ce ssa r y ,  a n t i b i o t i c s w e r e  a d d e d  t o  c u l t u r e  m e d i a  a t  t h e  f o l l o w in g  w o r k ­
i n g  co n c e n t r a t i o n s:  a m p i c i l l i n ,  5 0  t o  100  p g  m l - 1 ; g c n t a m i c i n ,  5  p g  m l - 1 ; k a n a -  
m y c in ,  5 0  p g  m l - 1 .
G e n e r a l  D N A  m e t h o d s.  G e n e r a l  m e t h o d s f o r  D N A  p u r i f i c a t i o n  a n d  a n a l y si s 
a n d  c l o n i n g  w i t h  E. coli w e r e  p e r f o r m e d  a c c o r d i n g  t o  Sa m b r o o k  c l  a l .  ( 3 2 ) .  
W h e r e  n e ce ssa r y ,  t o  f a c i l i t a t e  d i f f i c u l t  p l a sm id  m a n i p u la t i o n s ,  c o m m e r c ia l l y  p r e ­
p a r e d  co m p e t e n t  E. coli c e l l s  ( T O P IO  [ I n v i t r o g e n ]  o r  So l o  P a c k  G O L D  [ St r a t -  
a g c n c ] )  w e r e  u se d . D N A  p r o b e s w e r e  l a b e le d  b y  r a n d o m  p r im i n g  (1 0 , 1 1 ) u si n g  
h c x a n u c l e o t i d c  p r im e r s a n d  d co x y n u c l e o s i d c  t r i p h o sp h a t e s f r o m  Ro c h e  a c c o r d ­
i n g  t o  t h e  m a n u f a c t u r e r ’s i n st r u c t i o n s.  A n  a g a r o se  g e l - p u r i f i e d  D N A  f r a gm e n t  
(2 5  t o  5 0  n g )  w a s la b e le d  w i t h  [ a - 32P ] d G T P  (5 0  p C i )  f o r  1 h  a t  3 7 °C  w i t h  K le n o w
c a te d  th a t  th e  p o s itio n  e q u iv a le n t to  L eu  110 is in d e ed  im ­
p o r ta n t  in th e  in te ra c t io n  b e tw een  th e se  enzym es a n d  th e ir  
su b s tra te s . In  a  d ire c te d  e v o lu tio n  s tu d y  o f  to lu e n e  2 -m o n o ­
o xygenase  o f  Burkholderia cepacia G 4  (4 ), a V a l- to -A la  m u ta ­
tio n  a t p o s itio n  106, eq u iv a le n t to  L eu  110 in  sM M O , gave 
in c re a sed  n a p h th a le n e  a n d  p h e n a n th r e n e  o x id a tio n  b u t n o  
c h an g e  in  reg io se le c tiv ity  w ith  n a p h th a le n e . B o th  th e  m u ta n t 
a n d  th e  w ild  type  gave  1 -n ap h th o l as th e  p re d om in a n t p ro d u c t. 
T h is  w as c o n s is te n t w ith  th e  p ro p o s e d  g a tin g  ro le  o f  th is  re s i ­
d u e , i.e ., th e  m u ta tio n  a ffec ted  th e  ra te s  o f  o x id a tio n  o f  la rg e  
su b s tra te s  b u t d id  n o t g re a tly  a ffec t reg io se lec tiv ity . S im ila r  
re su lts  w e re  fo u n d  in  a s a tu ra tio n  m u tag en e s is  s tu d y  o f  to lu e n e  
4 -m onooxygenase , w h e re  th e  V 100L  m u ta n t sh ow ed  a tw o fo ld  
in c re a se  in  th e  r a te  o f  o x id a tio n  o f  2 -m e th oxyph eno l; h e re , a  
m o d e s t loss o f  reg io spec ific ity  w as o b se rv ed , b u t th e  m u ta n t 
(like  th e  w ild  ty p e ) gave 3 -m e th o xy re so rc in o l as th e  m a jo r  
p ro d u c t (41). A  re d u c t io n  in  th e  r a te  o f  o x in d o le  fo rm a tio n  
from  in d o le  by th e  A la , Cys, a n d  V al m u ta tio n s  o f  th e  eq u iv ­
a le n t lie  100 re s id u e  in  to lu e n e  4 -m onooxyg en ase  (40 ) w as a lso  
c o n s is te n t w ith  su ch  a fu n c tio n , a lth o u g h  a c h ang e  in  th e  p r e ­
d om in a n t p ro d u c t o f  p h e n o l h yd roxy la tion  from  c a te ch o l to  
h y d ro q u in o n e  (i.e ., a  sh ift in  reg io se le c tiv ity  from  th e  2- to  th e  
4- p o s itio n )  in  th e  I100Q  m u ta n t  o f  to lu e n e  o -xy lene  m on o o x ­
y g en ase  (42) in d ic a te s  th a t  th e  s ite  eq u iv a le n t to  L eu  110 m ay  
have  a ro le  in  d e te rm in in g  reg io se le c tiv ity  as w ell as su b s tra te  
access . R e su lts  from  m u tag en e s is  o f  th e  n e a rb y  s ite  G ly  113 in  
so lu b le  b u ta n e  m onooxygenase  h av e  a lso  su gges ted  th a t  a c o n ­
fo rm a tio n a l c h an g e  invo lv ing  th e  “ leu c in e  g a te ” (L eu  109 in  
th is  e n zym e ) m ay  b e  n e cessa ry  fo r  p ro d u c t re le a se  from  th e  
ac tiv e  s ite , s ince  th e  G1.1.3N m u ta n t show ed  a re d u c e d  in h ib i ­
tio n  by n a sc en t m e th a n o l p ro d u c e d  by o x id a tio n  o f  m e th a n e  
(13).
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p o lym e r a se  ( I n v i t r o g c n ) .  T l i c  u n in c o r p o r a t e d  la b e l  w as r e m o v e d  u si n g  M i c r o -  
Sp i n  co lu m n s ( A m e r sh a m  Ph a r m a c ia  B i o t e c h ) .  T h e  p r o b e s w e r e  d e n a t u r e d  b y  
t h e  a d d i t i o n  o f  N a O H  t o  a f in a l  c o n c e n t r a t i o n  o f  0 .4  M  a n d  in cu b a t e d  f o r  2  m in  
at  r o o m  t e m p e r a t u r e  b e f o r e  b e i n g  a d d e d  t o  t h e  h y b r i d i za t i o n  so lu t i o n .
Co n s t r u c t i o n  o f  p l a sm i d s .  I n  o r d e r  t o  a l l o w  su b se q u e n t  m a n i p u la t i o n s  o f  t h e  
sM M O  o p e r o n  b y  u sin g  B a m H I ,  t h e  B a m H I  s i t e  w as d e le t e d  f r o m  t h e  v e c t o r  
p B B R lM C S - 5  (2 0 )  b y  r e m o v in g  t h e  f r a gm e n t  o f  t h e  m u l t i p l e  c l o n i n g  si t e  t h a t  
co n t a i n e d  i t  w i t h  C l a l  a n d  B s t B I  a n d  r e l i g a t i n g  t h e  p la sm id  b a ck b o n e  v ia  t h e  
co m p a t i b l e  co h e siv e  e n d s t h u s p r o d u ce d ,  g i v i n g  t h e  v e c t o r  p B B R lM C S - 5 b .  T h e  
1 0 -k b  f r a gm e n t  c o n t a i n in g  t h e  mmoXYBZDC o p e r o n  f r o m  M. trichosporium 
O B 3 b  a n d  f la n k i n g  se q u e n ce s w as e x c ise d  f r o m  p T JS1 7 6  (3 8 )  w i t h  K p n l  a n d  
c l o n e d  in t o  t h e  u n iq u e  K p n l  s i t e  o f  p B B R lM C S - 5 b ,  g i v i n g  p la sm id  p M D 2 .  T o  
d i r e c t  d e le t i o n  o f  t h e  c h r o m o so m a l  co p y  o f  t h e  sM M O - e n co d in g  o p e r o n ,  t h e  
p la sm id  p M D - M d e l 3  w as t h e n  c o n st r u c t e d  as d e t a i l e d  in  F i g .  1.
Si t e - d i r e c t e d  m u t a g e n e si s a n d  p r e p a r a t i o n  o f  c e l l s  e x p r e s s i n g  t h e  m u t a n t  
e n zym e s. Si t e - d i r e c t e d  m u t a ge n e si s o f  t h e  mmoX g e n e , e n c o d in g  t h e  a su b u n i t  o f  
t h e  sM M O  h y d r o x y la se , w as p e r f o r m e d  v ia  t h e  f o u r - p r im e r  o v e r l a p  e x t e n sio n  
m e t h o d  (1 5 )  as d e sc r ib e d  p r e v i o u s l y  (3 8 ) .  P r im e r s  u se d  f o r  m u t a ge n e si s a r e  g iv e n  
in  T a b le  2 . D y e  t e r m in a t i o n  se q u e n c in g  w as u se d  t o  c o n f i r m  t h e  ab se n ce  o f  
u n w an t e d  m u t a t io n s f r o m  P CR - d e r i v e d  p o r t i o n s  o f  t h e  c l o n e d  m u t a n t  sM M O  
g e n e s. T h e  m u t a n t  mmoX ge n e s, a ssem b le d  i n t o  a n  in t a c t  mmoXYBZDC o p e r o n  
i n  t h e  sM M O  e x p r e ssio n  p la sm id  p T JS1 7 5  ( 3 8 ) ,  w e r e  i n t r o d u c e d  i n t o  M. tricho­
sporium SM D M  b y  c o n j u g a t i o n  (2 5 , 3 8 ) .  T h e  r e co m b in a n t  sM M O  st r a in s w e r e  
i n i t i a l l y  g r o w n  o n  N M S p la t e s c o n t a i n in g  a n t i b i o t i c s  ( g e n t a m i c i n  a n d  k a n a m y c in )  
a n d  sc r e e n e d  f o r  sM M O  a c t i v i t y  b y  u s i n g  t h e  n a p h t h a le n e  o x id a t i o n  t e st  (1 ,  2 ) .  
C e l l s  f o r  m o r e -d e t a i l e d  a n a l y si s  w e r e  p r e p a r e d  b y  g r o w i n g  t h e  r e co m b i n a n t  M . 
trichosporium c e l l s in  a  f e r m e n t o r  t o  an  O D f)00 g r e a t e r  t h an  5  i n  o r d e r  t o  i n d u ce  
m u t a n t  e n zym e  e x p r e ssio n  f r o m  t h e  n a t i v e  sM M O  p r o m o t e r  i n  p T JS1 7 5 ,  w h ic h  
is i n d u ce d  b y  lo w  c o p p e r - t o - b io m a ss r a t i o  in  t h e  c u l t u r e .
sM M O  a ssa y s .  sM M O  is t h e  o n l y  e n zym e  sy st em  e xp r e sse d  in  M. trichospo­
rium t h a t  i s  a b le  t o  o x y g e n a t e  a r o m a t i c  h y d r o ca r b o n  su b st r a t e s.  A s  a  r e su l t ,  
a ssa y s w i t h  t h e se  su b st r a t e s ca n  b e  p e r f o r m e d  u s i n g  w h o l c - sM M O - e x p r e ss in g  
c e l l s .  T b e  se m i q u a n t i t a t i v c  n a p h t h a le n e  o x id a t i o n  t e st , w h i c h  is b a se d  o n  t h e  
d e r i v a t i za t i o n  o f  t h e  n a p h t h o l  p r o d u c t s o f  n a p h t h a le n e  o x id a t i o n  t o  p in k / p u r p le  
d ia zo  d y e s, w as p e r f o r m e d  o n  c u l t u r e s i n  l i q u i d  m e d i u m  a n d  o n  a g a r  p la t e s as 
d e sc r ib e d  p r e v i o u sl y  (1 ,  2 ) .  A f t e r  o x id a t i o n  o f  a r o m a t i c  h y d r o ca r b o n s b y  ce l l s 
e x p r e ss in g  m u t a n t  o r  w i ld - t y p e  sM M O ,  p r o d u c t  a n a l y si s w as p e r f o r m e d  as f o l ­
lo w s. M e t h a n o t r o p h  ce l l s w e r e  r e su sp e n d c d  in  2 5  m M  M O PS (m o r p h o l i n c p r o -  
p a n e su l f o n i c  a c i d )  b u f f e r  ( p H  7 .0 )  t o  an  O D w)() o f  g r e a t e r  t h a n  5 . Ea c h  a ssa y  w as 
c o n d u c t e d  w i t h  5 m l  o f  c e l l  su sp e n sio n  o r  10  m l  w h e r e  b ip h e n y l  w a s t h e  su b st r a t e .  
O x i d a t i o n  su b st r a t e  w as ad d e d , t o g e t h e r  w i t h  so d iu m  f o r m a t e  (1 0  m M ) , t o  
e n su r e  a p le n t i f u l  su p p l y  o f  t h e  r e d u c in g  e q u i v a l e n t s  r e q u i r e d  b y  sM M O . T h e  
am o u n t s o f  o x id a t i o n  su b st r a t e  u se d  w e r e  5 0  p i  f o r  l i q u i d  su b st r a t e s ( t o lu e n e  o r  
e t h y lb e n zc n c )  a n d  1 m g  f o r  so l i d  su b st r a t e s ( n a p h t h a le n e ,  b ip h e n y l ,  p l i e n a n -  
t h r e n c ,  o r  a n t h r a ce n e ) .  T h e  r e a c t i o n  m ix t u r e  w as in c u b a t e d  a e r o b i c a l ly  a t  3 0 °C 
f o r  4 8  h  w i t h  sh a k in g  (2 5 0  r p m )  in  a c lo se d  3 0 -m l  g la ss v ia l  h e l d  in  a h o r i zo n t a l  
p o s i t i o n .  T h e  h y d r o x y la t e d  p r o d u c t s  w e r e  e x t r a c t e d  in t o  1 .0  m l  o f  d ie t h y l  e t h e r , 
w h ic h  w as t h e n  e v a p o r a t e d  t o  a  v o lu m e  o f  5 0  p i  b e f o r e  a n a ly si s.  T h e  p r o d u c t s  o f  
t o l u e n e  a n d  b i p h e n y l  o x id a t i o n  w e r e  c h a r a c t e r i ze d  b y  m e a n s o f  g a s c h r o m a t o g ­
r a p h y  ( G C ) ,  u si n g  a  6 8 9 0  G C  a p p a r a t u s (H e w l e t t - P a c k a r d )  f i t t e d  w i t h  a  St a b i l -  
vvax c a p i l l a r y  co lu m n  w i t h  a Ca r b o w a x  p o ly e t h y le n e  g l y c o l  co a t i n g  (5 0  m  b y  0 .3 2  
m m ;  c o a t i n g  t h ic k n e ss, 1 p m )  a n d  c o u p l e d  t o  a  f lam e  io n i za t i o n  d e t e c t o r .  T h e  
c o lu m n  t e m p e r a t u r e  a t  t h e  b e g in n i n g  o f  t h e  se p a r a t i o n  w as h e ld  a t  1 0 0 °C f o r  5 
m in , a f t e r  w h ic h  i t  w as r am p e d  t o  1 8 0 °C a t  2 °C  m i n - 1  a n d  h e ld  f o r  15 m in  a t  
1 S0 °C.  T h e  f lo w  r a t e  o f  c a r r i e r  g a s ( n i t r o g e n )  w as 1 .5  m l  m i n - 1 , a n d  t h e  sp l i t  
r a t i o  w as 10 :1 . W h e n  t h e  su b st r a t e  w as n a p h t h a l e n e  o r  c t h y l b e n ze n e ,  p r o d u c t s 
w e r e  a n a l y ze d  v ia  G C -m a ss  sp e c t r o m e t r y  (M S)  u s i n g  a 5 8 9 0  G C  ( H e w le t t -  
P a c k a r d )  c o u p l e d  t o  a T r i o - 1  M S.  H e r e ,  t h e  G C  w as f i t t e d  w i t h  a H e w le t t -  
Pa c k a r d  H P - 5  co lu m n  w i t h  a ( 5 %  p h e n y l )  m e t h y l  p o l y s i l o x a n e  co a t i n g  (5 0  m  b y
0 .3 2  m m ;  c o a t i n g  t h ic k n e ss, 0 .2 5  p m )  a n d  o p e r a t e d  w i t h  a c a r r i e r  g a s ( n i t r o g e n )  
f lo w  r a t e  o f  1 .5  m l  m i n -  ’ . W i t h  e t h y l  b e n ze n e  as t h e  su b st r a t e ,  t h e  sp l i t  r a t i o  w as 
30 :1  a n d  t h e  c o lu m n  t e m p e r a t u r e  w as r am p e d  f r o m  8 0 °C  t o  2 5 0 °C a t  4 °C  m i n -1  
a n d  h e ld  f o r  1 m in  a l  2 5 0 °C.  W h e n  n a p h t h a le n e  w as t h e  su b st r a t e ,  t h e  se p a r a ­
t i o n s w e r e  c a r r i e d  o u t  w i t h o u t  a sp l i t  a n d  t h e  co lu m n  t e m p e r a t u r e  w as r am p e d  
f r o m  8 0 °C  t o  1 2 6 °Ca l  1 0 °C m i n - 1 , f r o m  1 2 6 °Ct o  1 2 9 °C a t 0 . 1 °Cm i n - 1 ,a n d  t h e n  
f r o m  1 2 9 °C t o  2 5 0 °C a t  1 0 °C m i n - 1 . W h e n  b ip h e n y l  w a s t h e  su b st r a t e ,  t h e  
p r o d u c t s w e r e  se p a r a t e d  v ia  a  P e r k i n E lm e r  a u t o sy st e m  G C  u si n g  t h e  H e w le t t -  
Pa c k a r d  H P - 5  co lu m n  (d e t a i l s d e sc r ib e d  a b o v e )  c o u p l e d  t o  a f lam e  io n i za t i o n  
d e t e c t o r .  T h e  se p a r a t i o n s w e r e  c a r r i e d  o u t  w i t h o u t  a  sp l i t .  T h e  c a r r i e r  ga s 
(n i t r o g e n )  f lo w  r a t e  w as 1 m l  m i n - 1 , a n d  t h e  c o lu m n  t e m p e r a t u r e  w as r am p e d  
f r o m  9 0 °C  t o  1 9 0 °C a t  5 °C  m i n - 1 , h e ld  a t  1 9 0 °C f o r  1 m in , a n d  t h e n  r am p e d  t o  
2 8 0 °C a t  1 0 °C m in - 1 . Pr o d u c t s w e r e  i d e n t i f i e d  b y  c o m p a r i so n  o f  r e t e n t io n  t im e s 
an d  m a ss sp e c t r a  t o  a u t h e n t i c  st a n d a r d s.
RESU LTS
C o n s tru c tio n  o f  a  new  sM M O -d e le te d  m e th a n o tro p h  ex ­
p re s s io n  h o s t  fo r  r e c om b in a n t sM M O  enzym es. P rev io u s  m u ­
ta n ts  o f  th e  hyd roxy lase  c om p o n e n t o f  sM M O  w e re  e x p re s sed  
in  th e  sM M O -n eg a tiv e  m u ta n t o f  M. trichosporium  know n  as 
m u ta n t F  (38 ). T h e  ch rom o som a l copy  o f  th e  sM M O  o p e ro n  in 
m u ta n t F  (26 ) h a s  a d e le t io n  o f  a  1 .2-kb  f ra gm en t th a t  e n c om ­
p a sse s  th e  p o r t io n  o f  mm oX  co d in g  fo r  am in o  ac id s  V a l 112- 
T h r  508. T h is  lim its  th e  re g io n  o f  th e  sM M O  o p e ro n  th a t  c an  
b e  m u ta te d  to  th e  p o r t io n  o f  mm oX  (e n co d in g  th e  a  su b u n it o f  
th e  hyd roxy lase ) th a t  is d e le te d  from  m u ta n t  F , b e c a u se  m u ­
ta t io n s  o u ts id e  th is  re g io n  co u ld  b e  r e p a i re d  by  h om o lo g o u s  
re c om b in a t io n  b e tw een  th e  p la sm id  c a rry in g  th e  m u ta n t  
sM M O  o p e ro n  a n d  th e  r em a in d e r  o f  th e  ch rom o som a l copy . 
T h e  m u tag en e s is  ta rg e t  d u rin g  th is  s tudy , th e  p o r t io n  e n co d in g  
L eu  110, lies ju s t  o u ts id e  th is  reg io n , so  it w as in  p r in c ip le  
po ss ib le  th a t  m u ta tio n s  co u ld  b e  r e p a i re d  by  h om o lo g o u s  r e ­
c om b in a tio n  w ith  th e  c h rom o som e . F u r th e rm o re ,  fo r  fu tu re  
s tu d ie s  w e w ish ed  to  p ro d u c e  a n  e x p re s s io n  h o s t fo r  re c om b i ­
n a n t  sM M O  th a t  w ou ld  a llow  m u tag en e s is  an yw h e re  w ith in  th e  
hyd roxy lase  c om p o n e n t (e n c o d e d  by  mmoX, -Y, an d  -Z ) . T h e  
n ew  ex p re s s io n  h o s t, M. trichosporium  SM DM  (fo r  so lu b le -  
w e th a n e -m o n o o x y g en a se - r /e le te d  m u ta n t) ,  in  w h ich  th e  firs t 
five g en e s  o f  th e  sM M O  o p e ro n  (mmoXYBZD , in c lu d in g  all 
th e  s t ru c tu ra l  g e n e s  fo r  th e  hyd roxy lase  a n d  p ro te in  B ) h ad  
b e e n  fu lly  d e le te d  by m a rk e r  ex ch ang e  m u tag en e s is , w as th e r e ­
fo re  c o n s tru c te d  (F ig . 1). T h e  d e le t io n  o f  th e  in te n d e d  p o r t io n  
o f  th e  sM M O -en co d in g  o p e ro n  a n d  d o u b le  re c om b in a t io n  in to  
th e  c h rom o som e  w e re  co n firm ed  by  re s tr ic t io n  d ig e s tio n  o f  
c h rom o som a l D N A  and  d ig e s tio n  w ith  C la l  a n d  S ph I, fo llow ed  
by S o u th e rn  b lo ttin g  an d  p ro b in g  w ith  p ro b e s  spec ific  to  
mmoR, mmoX , an d  mm oY  (d a ta  n o t  sh ow n ). S tra in  SM DM  
exh ib ited  th e  e x p e c te d  sM M O -n eg a tiv e  p h e n o ty p e , a s  ju d g e d  
by a n eg a tiv e  n a p h th a le n e  o x id a tio n  te s t re s u lt  u n d e r  low - 
c o p p e r  c o n d itio n s , w h ich  in d u c e d  sM M O  ex p re s s io n  a n d  u n ­
d e r  w h ich  a p a ra l le l  c o n tro l w ith  w ild - ty p e  M. trichosporium  
O B 3b  sh ow ed  s tro n g  n a p h th a le n e  o x id a tio n  activ ity .
T h e  su itab ility  o f  s tra in  SM DM  as a h o s t  fo r  e x p re s s io n  o f  
re c om b in a n t sM M O s w as e s ta b lish e d  by  in tro d u c in g  p T JS 1 7 5, 
co n ta in in g  th e  w ild - ty p e  sM M O  o p e ro n , in to  SM DM  to  g ive 
s tra in  SM DM -sM M O  (T ab le  1). G row th  o n  NM S  a g a r  m e ­
d ium  co n ta in in g  a  low  level o f  c o p p e r ( I I )  (0 .4  p .M ) to  in d u c e  
sM M O  y ie ld ed  c o lo n ie s  th a t  gave  s tro n g  p o s itiv e  re su lts  in  th e  
n a p h th a le n e  o x id a tio n  te s t, c o n firm in g  th e  e x p re s s io n  o f  th e  
re c om b in a n t sM M O .
M u ta g e n e s is  o f  th e  leu c in e  g a te  r e s id u e  p ro d u c e d  m u ta n ts  
th a t  gave  u n u s u a l  n a p h th a le n e  o x id a tio n  te s t  r e s u l ts .  F o u r  
m u ta n ts  o f  th e  p ro p o s e d  g a tin g  re s id u e  L eu  110 th a t  gave  a 
ra n g e  o f  am in o  ac id  b u lk  a n d  fu n c tio n a lity  re su lts  a t th is  p o ­
s itio n  w e re  c o n s tru c te d . M u ta tio n s  to  G ly  (le ss  bu lky ; m o re  
flex ib le ), Cys (le ss  bu lky ), A rg  (s ligh tly  m o re  bu lky ; p o sitiv e ly  
ch a rg e d ) , a n d  T y r (m o re  bu lky ; h y d ro x y la ted )  w e re  c o n ­
s t ru c te d , c o n firm ed  by D N A  seq u en c in g , a n d  e x p re s se d  in  th e  
M. trichosporium  SM DM  h om o lo g o u s  e x p re s s io n  sy s tem , as 
d e sc r ib ed  in  M a te r ia ls  an d  M e th o d s . W h en  th e  fo u r  m u ta n t 
s tra in s  w e re  g row n  in  liq u id  c u ltu re  a t a  low  c o p p e r- to -b iom a s s  
ra t io , w h ich  in d u ce s  ex p re s s io n  o f  sM M O , all fo u r  g av e  p o s i ­
tive  n a p h th a le n e  te s t re su lts , co n firm in g  th a t  all th e  m u ta n t  
c lo n e s  p ro d u c e d  m u ta n t  en zym es  th a t  w e re  ac tiv e  w ith  n a p h -
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Inward cloning of 0.87-kb GmR cassette 
from p34S-Gm, using BamHI
pMD-Mde!2 (vector pUC!9)
Transfer of resulting insert into 
I pKl8mobsacB using Xbal and KpttI
Double cross-over between pMD-Mdel3 
and chromosome of M. trichosporium', 
desired GmR Kns exconjugant identified
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Chromosome o f  Ms. trichosporium SM DM  w ith mmoXYBZD deleted
FIG. 1. Construction of the plasmid pMD-Mdel3 and its use for marker exchange deletion of the first five genes of the sMMO operon. In 
addition to the sMMO-encoding mmoXYBZDC operon, the upstream mmoR and mmoG genes are also indicated. These encode, respectively, a 
putative cr^ -dependent transcriptional regulator and molecular chaperon that (while not part of the mature sMMO complex) arc needed for 
expression of active sMMO in vivo (39). PCR primers for amplification of 'mmoC were mmodel-1 (5'-ATA ATA GGA TCC ATC GTC ATC GAG 
ACC GAG GAC G-3'; BamHI site underlined) and the M13 universal sequencing primer (3'-GTA AAA CGA CGG CCA GT-5')- Deletion of 
mmoXYBZD and the upstream region of the mtnoC gene was effected by introducing pMD-Mdcl3 into M. trichosporium by conjugation (25) and 
selecting exconjugants by using gentamicin. M. trichosporium SMDM, the exconjugant in which the sMMO-encoding operon had been deleted via 
double homologous recombination, was selected on the basis of its sMMO-ncgativc phenotype as determined by the naphthalene oxidation test 
(1, 2), together with its Gmr Kns phenotype. The image is not drawn to scale.
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TABLE 2. Primers used for site-directed mutagenesis
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A i t l . E n v i r o n . M i c r o b i o l .
M u t a t i o n O l i g o n u c le o t i d e  se q u e n ce  ( 5 ' - 3 ' ) " A l t e r e d  
am in o  a c id
L110G GTG ATC TCG AAC TTC GGC 
GAG GTC GGC GAA TAT A
Gly 110
LU0C GTG ATC TCG AAC TTC TGC 
GAG GTC GGC GAA TAT A
Cys 110
LI 10R GTG ATC TCG AAC TTC CGC 
GAG GTC GGC GAA TAT A
Arg 110
L110Y GTG ATC TCG AAC TTC TAT 
GAG GTC GGC GAA TAT A
Tyr 110
"  M u t a t i o n s a r e  sh o w n  in  b o ld  t y p e . Co d o n s e n c o d in g  a l t e r e d  am in o  a c i d s a r e  
u n d e r l in e d .  T h e  p a i r s  o f  m u t a g e n ic  p r im e r s  u se d  t o  c r e a t e  e a ch  m u t a t i o n  w e r e  
c o m p l em e n t a r y ,  so  o n l y  t h e  f o r w a r d  p r im e r  is sh o w n .
th a le n e  as th e  su b s tra te . T h e  L 110G  a n d  L I  IOC m u ta n ts  gave 
po sitiv e  n a p h th a le n e  te s t  re su lts  w h e re  th e  p u rp le  d iazo  dye 
p ro d u c t w as, like  th a t  from  th e  w ild  type , s ta b le  fo r  m o re  th a n  
10 m in . T h e  co lo rs  p ro d u c e d  by th e  L 110R  an d  L 110Y  m u ­
ta n ts , how ever, w e re  s tab le  fo r  less th a n  1 m in  a n d  a p p e a re d  
p in k  c om p a re d  to  th e  p u rp le  se en  w ith  th e  w ild  type (d a ta  n o t 
show n). A lth o u g h  w e h ad  p rev iou sly  o b se rv ed  m u ta n ts  o f  
sM M O  w h e re  th e  n a p h th a le n e  te s t gave  a v ery  w eak  c o lo r  
ch an g e , in d ic a tin g  a low -ac tiv ity  o r  u n s ta b le  en zym e  (38 ), th is  
w as th e  firs t t im e  th a t  w e h ad  o b se rv ed  a  m u ta n t  w h e re  th e  
s tab ility  (a n d  c o lo r)  o f  th e  n a p h th a le n e  te s t  re s u lt  w as m a rk ­
ed ly  ch anged .
T h e  L 110R  a n d  L110Y  m u ta n ts  o f  sM M O  show  in v e r ted  
reg io se le c tiv ity  w ith  n a p h th a le n e  c om p a re d  to  th e  w ild  type . I t
w as re a s o n e d  th a t  th e  q u a li ta t iv e  d iffe ren ce  in th e  s tab ilitie s  o f  
th e  n a p h th a le n e  te s t c o lo rs  o f  th e  m u ta n t a n d  w ild -type  e n ­
zym es w as m o s t likely  d u e  to  an  a lte ra t io n  in  th e  p o s itio n (s )  o f  
o x ygena tio n  in  th e  p ro d u c ts  o f  n a p h th a le n e  o x id a tio n  by th e  
L 110R  an d  L 110Y  m u tan ts . G C -M S  ana ly s is  (T ab le  3 ) c o n ­
f irm ed  th a t  th e r e  w e re  s ig n ific an t a l te ra t io n s  in  th e  d is tr ib u tio n  
o f  m on ohyd ro xy la ted  p ro d u c ts  from  th e  m u ta n t enzym es. 
W h e re a s  th e  w ild -type  en zym e  a n d  th e  L I  10C  m u ta n t  gave  a 
s lig h t excess o f  2 -n ap h th o l o v e r  1 -n ap h th o l, th is  reg io se le c tiv ity  
w as re v e rse d  in th e  o th e r  th re e  m u ta n ts , a n d  th e  tw o m u ta n ts  
th a t  gave th e  u n s ta b le  n a p h th a le n e  te s t c o lo r  (L 110R  and  
L 110Y ) y ie ld ed  th e  sm a lle s t re la tiv e  am o u n ts  o f  2 -n ap h th o l. 
O th e r  po ss ib le  p ro d u c ts , su ch  as  d ih y d ro xy la ted  m o ie tie s , w e re  
n o t d e te c te d . A  s e p a r a te  e x p e r im en t u s in g  10 p.M so lu tio n s  o f
TABLE 3. Products of naphthalene oxidation by the mutants 
A m t  (m o l% )  o f  in d i c a t e d  p r o d u c t "
En zy m e
1 -N a p h t h o l
OH
2 -N a p h t h o l
OH
Wild type 43.0 ± 0.4 57.0 ± 0.4
L110G 64.0 ± 0.5 36.0 ± 0.5
LI 10C 46.2 ± 6.3 53.8 ± 6.3
L110Y 74.8 ± 0.7 25.2 ± 0.7
L110R 70.6 ± 6.6 29.4 ± 6.6
T im e  (m in )
FIG. 2. Stabilities of the colored diazo compounds formed by re­
action of tetrazotised o-dianisidine with 1-naphthol (solid line) or 
2-naphthol (dotted line).
th e  tw o  isom e rs  o f  n a p h th o l a n d  th e  sam e  c o n c e n tra tio n  o f  
te t ra z o t is e d  o -d ia n is id in e  as  u sed  in  th e  n a p h th a le n e  te s t fo r  
sM M O  ac tiv ity  re v e a le d  th a t  th e  d iazo  dye  p ro d u c e d  by 
1 -n ap h th o l fo rm s  m o re  qu ick ly  a n d  d ecay s m o re  q u ick ly  th a n  
th a t  p ro d u c e d  by 2 -n a p h th o l (F ig . 2 ). T h u s , th e  d if fe ren ce  in  
th e  reg io se le c tiv ity  o f  th e  m u ta n ts  a c co u n ts  fo r  th e  v isua l d if ­
f e re n c e s  in  th e  re su lts  o f  th e i r  n a p h th a le n e  te s ts .
T h e  L I  10 m u ta n ts  show ed  a  re la x ed  reg io se le c tiv ity  a n d  
g e n e ra te d  novel p ro d u c ts  w ith  s u b s t i tu te d  m o n o a rom a tic  s u b ­
s t r a te s  a n d  b ip h en y l. W ith  th e  s u b s ti tu te d  m o n o a rom a tic  s u b ­
s t ra te s  to lu e n e  a n d  e th y lb en z en e , th e  w ild -type  sM M O  exh ib its  
a  m ix tu re  o f  s id e  ch a in  hyd roxy la tio n  a n d  rin g  h y d roxy la tio n  a t 
th e  p  p o s itio n , w ith  rin g  hyd roxy la tio n  p re d om in a t in g  w ith  
to lu e n e  a n d  s id e  ch a in  h yd roxy la tion  w ith  e thy l b e n z e n e . W ith  
to lu e n e  as th e  su b s tra te , all th e  m u ta tio n s  a t p o s itio n  110 
show ed  re lax ed  reg io se le c tiv ity  (T a b le  4 ), w ith  th e  a p p e a ra n c e  
o f  s ig n ific an t am o u n ts  o f  w -c re so l,  w h ich  is n o t  s e e n  w ith  th e  
w ild  type . In te re s tin g ly , w hen  L eu  110 w as re p la c e d  by th e  
sm a lle r  glycyl a n d  cyste inyl re s id u e s , w ith  to lu e n e  as th e  su b ­
s t ra te , m o re  b enzy l a lco ho l w as p ro d u c e d  th a n  p -c re s o l.  W h en  
e th y lb en z en e  w as th e  s u b s tra te , all th e  m u ta n ts  sh ow ed  v ery  
la rg e  sh ifts  from  s id e  ch a in  to  r in g  h yd roxy la tio n  a n d  a t le a s t
TABLE 4. Products of toluene oxidation by the mutants
A m t  (m o l% )  o f  i n d i c a t e d  p r o d u c t "
B e n zy l
a l c o h o l
w - C r e s o l  p - C r e so l
En zy m e CH2OH  I 1
6 6*  $
^  U  OH
M o l a r  r a t i o  R e l a t i v e  
f o r  a r o m a t i c /  t o t a l
b e n z y l i c  a c t i v i t y
h y d r o x y la t i o n  (%)''
Wild type 36.5 ± 8.1h 0.0 63.5 ± 8.7 1.7 100
L110G 53.7 ± 12.5 14.6 ± 6.7 31.7 ± 9.7 0.86 12
LI 10C 59.4 ± 12.1 11.2 ± 7.7 29.4 ± 5.4 0.68 7.4
L110Y 34.9 ± 8.2 17.8 ± 7.4 47.3 ± 0.8 1.9 2.8
L110R 28.0 ± 6.5 14.0 ± 3.1 58.0 ± 9.7 2.6 2.5
" D a t a  a r e  d e r iv e d  f r o m  t h r e e  in d e p e n d e n t  e x p e r im e n t s a n d  a r e  sh o w n  in  t h e  
i rm  o f  m e a n s ±  s t a n d a r d  d e v ia t io n s.
"  D a t a  a r c  d e r i v e d  f r o m  t h r e e  i n d e p e n d e n t  e x p e r im e n t s a n d  a r c  sh o w n  in  t h e  
f o r m  o f  m e an s i  s t a n d a r d  d e v ia t io n s.
h R e l a t i v e  t o t a l  a c t i v i t i e s  w i t h  t o l u e n e  a s t h e  su b s t r a t e ,  w h ic h  w e r e  c o r ­
r e c t e d  f o r  d i f f e r e n c e s  in  c u l t u r e  O D 6„ „ , a r e  g i v e n  a s p e r c e n t a g e s o f  t h e  
i n c r e a se  in  t o t a l  p r o d u c t  c o n c e n t r a t i o n  w i t h  w i l d - t y p e  A/ , trichosporium 
O B 3 b ,  w h i c h  w a s 12  p l \ l  h - 1 .
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TABLE 5. Products of ethyl benzene oxidation by the mutants
En zy m e
1 -P l ie n y le t h a n o l  
HO-
A m t  (m o l % )  o f  i n d i c a t e d  p r o d u c t "
- E t h y l p h e n o l 3 - Et h y l p h e n o l ft 4 - Et h y l p h e n o l ' ’
6r
M o l a r  r a t i o  
f o r  a r o m a t i c /  
s id e  ch a i n  
h y d r o x y la t i o n
Re l a t i v e  t o t a l  
a c t i v i t y  (%)c
Wild type 95.4 ± 1.4 0.0 4.6 ± 1.4 4.6 ± 1.4 0.048 100
LU0G 9.2 ± 3.1 8.8 ± 0.4 82.1 ± 2.7 82.1 ± 2.7 9.9 32
LI 10C 23.6 ± 6.2 3.1 ± 2.1 73.3 ± 4.4 73.3 ± 4.4 3.2 48
L110Y 40.2 ± 10.5 3.1 ± 0.6 56.8 ± 10.0 56.8 ± 10.0 1.5 8.7
LI 10R 22.1 ± 1.6 1.3 ± 0.1 76.6 ± 1.5 76.6 ± 1.5 3.5 63
"  D a t a  a r c  d e r i v e d  f r o m  t h r e e  in d e p e n d e n t  e x p e r im e n t s a n d  a r e  sh o w n  in  t h e  f o r m  o f  m e a n s ±  s t a n d a r d  d e v ia t io n s.  
h 3 -  a n d  4 -e t h y lp h e n o l  w e r e  n o t  r e so lv e d  i n  t h e se  e x p e r im e n t s,  so  t h e  m o la r  f r a c t i o n s st a t e d  a r e  t h e  su m s o f  b o t h .
r  Re la t i v e  t o t a l  a c t i v i t i e s  w i t h  e t h y l  b e n ze n e  as t h e  su b st r a t e ,  w h ic h  w e r e  co r r e c t e d  f o r  d i f f e r e n ce s in  c u l t u r e  O D 600, a r e  g iv e n  as p e r c e n t a g e s o f  t h e  r a t e  o f  in c r e a se  
in  t o t a l  p r o d u c t  c o n c e n t r a t i o n s o b t a in e d  w i t h  w i ld - t y p e  M. trichosporium O B 3 b ,  w h ic h  w a s 0 .5 2  p .M  h - 1 .
o n e  new  p ro d u c t (2 -e th y lp h e n o l)  w as o b se rv ed  w ith  e a ch  m u ­
ta n t  (T ab le  5 ). 3- a n d  4 -e th y lp h en o l w e re  n o t re so lv ed  in  th e s e  
e x p e rim en ts , so  it is n o t  c le a r  w h e th e r  th e  p ro d u c t 3 -e th y lp h e ­
n o l w as p ro d u c e d . W ith  b ip h eny l as th e  su b s tra te , th e  w ild  type  
p ro d u c e d  p re d om in a n tly  4 -hyd roxyb ipheny l. M u ta n ts  w ith  th e  
la rg e r  ty ro s in e  o r  a rg in in e  re s id u e  a t  p o s itio n  110 p ro d u c e d  
su b s tan tia lly  m o re  2 -hyd roxyb ipheny l th a n  th e  w ild  type . T h e  
m u ta n ts  w ith  th e  sm a lle r  re s id u e s  (g lycine a n d  cy s te in e ) a t th is  
p o s itio n  y ie ld ed  th e  new  p ro d u c t 3 -hyd roxyb ipheny l (T ab le  6).
N e ith e r  th e  m u ta n ts  n o r  th e  w ild  type  ox id ized  t r ia ro m a tic  
h y d ro c a rb o n s . C ells  ex p re ss in g  w ild -type  sM M O  and  all fo u r  
m u ta tio n s  a t p o s itio n  110 w e re  in itia lly  sc re e n e d  fo r  o x id a tio n  
o f  th e  tr ia rom a tic  c om p o u n d s  p h e n a n th r e n e  a n d  a n th ra c e n e  in 
th e  sam e  m a n n e r  u sed  fo r  th e  s em iq u an tita tiv e  n a p h th a le n e  
assay , by a d d it io n  o f  te t ra z o t is e d  o -d ia n is id in e , w h ich  gave 
c o lo re d  d iazo  dyes a f te r  re a c t io n  w ith  th e  h yd roxy la ted  p ro d ­
u c ts . N o  v is ib le  c o lo r  ch an g e s  w e re  se en  from  th e  m u ta n ts  o r  
th e  w ild  type , a lth o u g h  a 9 -p h e n a n th ro l c o n tro l gave  a co lo re d  
p ro d u c t w ith  a d e te c tio n  th re sh o ld  o f  5 |xM . G C -M S  w as u sed  
to  ana ly ze  th e  assay  re a c tio n  m ix tu re s  th a t  h a d  b e e n  in cu b a te d  
fo r  30°C  fo r  48 h, as d e sc r ib ed  in  M a te r ia ls  a n d  M e th o d s , b u t 
n o  hyd roxy la ted  p ro d u c ts  cou ld  b e  fo u n d  from  e i th e r  o f  th e  
t r ia rom a tic  su b s tra te s  w ith  w ild -type  M. trichosporium OB3b  o r  
any  o f  th e  m u ta n t s tra in s . P re sum in g  th a t  p h e n a n th r e n e  an d  
a n th ra c e n e  a re  ab le  to  d iffuse  in to  th e  cells, th e s e  re su lts  
s tro ng ly  sugges t th a t  n e i th e r  w ild -type  sM M O  n o r  th e  m u ta n ts  
a re  ab le  to  ox id ize  th e s e  b u lky  a rom a tic  su b s tra te s .
TABLE 6. Products of biphenyl oxidation by the mutants 
A m t  ( m o l % )  o f  i n d i c a t e d  p r o d u c t  
2 - H y d r o x y b i p h c n y l  3 - H y d r o x y b i p h c n y l  4 - H y d r o x y b i p h e n y I
En zy m e  |  j
O H
Wild type 12.2 ± 3.6 0.0 87.8 ± 3.6
L110G 8.4 ± 3.8 13.0 ± 1.8 78.6 ± 2.0
L110C 11.3 ± 4.2 20.3 ± 3.5 68.3 ± 0.7
L110Y 47.2 ± 0.01 0.0 52.7 ± 0.01
L110R 59.2 ± 3.2 0.0 40.8 ± 3.2
D ISC U SS IO N
F u r th e r  d ev e lo pm en t o f  th e  e x p re s s io n  a n d  m u ta g e n e s is  
sy s tem . M u tag en e s is  o f  th e  h yd roxy lase  c om p o n e n t o f  sM M O  
re q u ire s  th e  u se  o f  an  e sp ec ia lly  d e v e lo p e d  e x p re s s io n  sy s tem  
b e c a u se  a ttem p ts  to  d a te  to  o b ta in  ex p re s s io n  o f  a c tiv e  h yd rox ­
y lase  in  E. coli have  b e e n  u n su ccessfu l (44 ). E x p re s s io n  o f  
ac tiv e  sM M O  h as  b e e n  r e p o r te d  to  o c cu r  in  v a r io u s  h e te ro lo ­
g o u s  sy s tem s (16, 17, 24) as w ell a s  th e  h om o lo g o u s  sy stem  
u sed  h e re . T h e  p rev iou s  w o rk  th a t  w e p e r fo rm e d  u s in g  th e  
h om o lo g o u s  ex p re s s io n  sy stem  fo r  sM M O , w h ich  e n a b le d  th e  
first m u ta g en e s is  o f  th e  ac tiv e  s i te  o f  th e  en zym e  (38 ), u tiliz ed  
a h om o lo g o u s  ex p re s s io n  h o s t (M. trichosporium  m u ta n t  F  
[26]) from  w h ich  o n ly  p a r t o f  th e  mm oX  g en e  w as d e le te d , th u s  
lim iting  th e  re g io n  o f  th e  h yd roxy lase  th a t  co u ld  b e  m u - 
tag en iz ed . T h e  n ew  s tra in  d e v e lo p e d  h e re , M. trichosporium  
SM DM , like  m u ta n t F , is a  h om o lo g o u s  e x p re s s io n  h o s t th a t  
g ives e x p re s s io n  o f  re c om b in a n t w ild - ty p e  sM M O  com p a ra b le  
to  th a t  f rom  th e  p a re n ta l  s t ra in  M. trichosporium  OB 3b . M o re ­
o v e r, s t ra in  SM DM  n o t o n ly  a llow s m u ta g e n e s is  a n yw he re  
w ith in  th e  ac tiv e  s i te -c o n ta in in g  a  s u b u n it, in c lu d in g  L eu  110, 
b u t  a lso  a llow s m u tag en e s is  o f  a ll c om p o n e n ts  o f  th e  sM M O - 
e n co d in g  o p e ro n  e x cep t th e  mmoC  re d u c ta s e , i.e ., th e  h yd rox ­
y lase  (mmoXYZ ), p ro te in  B  (mmoB ), a n d  rrtmoD g en e s , w ho se  
p ro d u c t  m ay  h av e  a ro le  in  sM M O  com p lex  a ssem b ly  (27).
R eg io se lec tiv ity  o f  th e  w ild - ty p e  sM M O  w ith  a ro m a tic  s u b ­
s t r a te s .  O u r  re su lts  w ith  M. trichosporium  exp re s s in g  re c om b i ­
n a n t w ild - ty p e  sM M O  co n firm ed  p re v io u s  re su lts  c o n c e rn in g  
th e  reg io se le c tiv ity  o f  sM M O  w ith  a rom a tic  s u b s tra te s . I f  th e  
su b s tra te s  a re  c o n s id e re d  to  b e  ro u gh ly  re c ta n g u la r , th e  w ild - 
ty p e  en zym e  show s a  s tro n g  p re fe re n c e  fo r  h y d roxy la tio n  n e a r ­
e s t to  th e  tw o  sh o r t  s id e s  o f  th e  re c ta n g le . T h u s , n a p h th a le n e  
g ives p rim a rily  2 -n a p h th o l, b ip h eny l g ives p re d om in a n tly  4 -hy ­
d ro xyb iph eny l, a n d  to lu e n e  a n d  e thy l b e n z e n e  u n d e rg o  a m ix ­
tu r e  o f  s id e  ch a in  a n d  4 -p o s itio n  hyd roxy la tio n  o n  th e  b e n z e n e  
r in g  (2 , 3, 14).
M u ta t io n s  a t  L eu  110 in  sM M O  re la x  re g io se le c tiv ity  b u t  do  
n o t e x ten d  a c tiv ity  to  t r ia r o m a t ic  h y d ro c a rb o n s . T h e  m u ta n t 
s t ra in s  sh ow ed  low e r ra te s  o f  to ta l  p ro d u c t  a c c um u la tio n  th a n  
th e  w ild  type , ran g in g  from  2.5 to  63%  o f  th e  w ild - ty p e  ac tiv ­
itie s  (T ab le s  4 a n d  5 ). E x am in in g  th e  d a ta  from  e thy l b e n z e n e  
an d  to lu e n e  as su b s tra te s , w e d id  n o t find  a c le a r  c o r r e la t io n
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b e tw een  th e  p ro p e r ty  o f  th e  am in o  ac id  a n d  th e  re d u c t io n  in  
activ ity , a n d  th e se  re su lts  m ay  a lso  re f le c t d iffe ren ces  in  ex ­
p re s s io n  an d  s tab ility  b e tw een  th e  m u tan ts . A naly sis  o f  th e  
p ro p o r tio n s  o f  p ro d u c ts  fo rm ed  from  th e  a rom a tic  s u b s tra te s , 
how eve r, y ie ld ed  in fo rm a tio n  th a t  is n o t b ia s e d  by th e  level o f  
exp re ss io n .
A s d e ta i le d  in  th e  in tro d u c t io n , p re v io u s  w o rk  o n  h om o lo ­
g o u s  m onooxyg en ase s  th a t  n a tu ra lly  ox id ize  a rom a tic  s u b ­
s t ra te s  h as  v a rio u s ly  in d ic a te d  e ffec ts  o f  m u ta tio n s  a t  th e  p o ­
s itio n  e q u iv a le n t to  L eu  110 o f  th e  h yd roxy lase  a  s u b u n it o f  
sM M O  on  reg io se le c tiv ity  an d  su b s tra te  ra n g e . In  th e  ca se  o f  
sM M O , n o n e  o f  th e  m u ta n ts , in c lu d in g  th o s e  w ith  su b s tan tia lly  
sm a lle r  re s id u e s  a t p o s itio n  110, h a d  m e a su ra b le  ac tiv ity  to ­
w a rd  th e  t r ia rom a tic  su b s tra te s  p h e n a n th r e n e  a n d  a n th ra c e n e . 
H ow ev e r, all h a d  su b s ta n tia l c h an g e s  in  reg io se le c tiv ity , show ­
ing  a sh ift aw ay  from  “ te rm in a l” o x id a tio n  o f  a rom a tic  su b ­
s t ra te s , w ith  in c re a s in g  p ro p o r tio n s  o f  1 -n ap h th o l from  n a p h ­
th a le n e  a n d  2- a n d  3 -hyd roxy  p ro d u c ts  from  su b s titu te d  
m o n o a rom a tic s  a n d  b ip h eny l. T h is  re su lt w as to  som e  e x te n t 
u n ex p e c te d , s in ce  a “g a tin g  r o le ” fo r  L eu  110 su g g e s ted  th a t  
m u ta tio n s  to  sm a lle r  re s id u e s  w ou ld  b e  likely  to  le t la rg e r  
su b s tra te s  in to  th e  ac tive  s ite . T h e re  w as som e  c o rre la t io n  
b e tw een  th e  ch an g e s  in  p ro d u c t d is tr ib u tio n  a n d  th e  size  o f  th e  
re s id u e  a t p o s itio n  110. T h e  sh ift in  reg io se le c tiv ity  o f  n a p h ­
th a le n e  o x id a tio n  w as g re a te s t  in  th e  m u ta n ts  w ith  th e  la rg e s t 
re s id u e s  (T y r a n d  A rg )  a t p o s i tio n  110. C onverse ly , th e  novel 
p ro d u c t from  b ip h eny l o x id a tio n , 3 -hyd roxyb ipheny l, is se en  
on ly  in  th e  m u ta n ts  w ith  th e  sm a lle r  re s id u e s  (G ly  a n d  Cys) a t 
th is  p o s itio n . T h e  sh ift from  s id e  ch a in  to  r in g  hyd roxy la tion  o f  
to lu e n e  w as g re a te s t  in  th e  m u ta n ts  w ith  sm a lle r  re s id u e s  (G ly  
a n d  Cys) a t p o s itio n  110, a n d  th e  c o r r e sp o n d in g  sh ift in  re g io ­
se lec tiv ity  in  o x ygena tio n  o f  e th y l b en z en e  w as a lm o s t 2 o rd e rs  
o f  m ag n itu d e  g re a te r  th a n  th a t  seen  w ith  any  o f  th e  o th e r  
m u tan ts . In  th e  h om o lo g o u s  so lub le  b u ta n e  m onooxygenase , 
th e  m u ta tio n  G 113N , w h ich  is n e a r  th e  “ leu c in e  g a te ” (L eu  109 
in  b u ta n e  m onooxyg en a se ), a lso  led  to  a  sh ift in  reg io se le c tiv ity  
aw ay from  th e  e n d s  o f  th e  su b s tra te  m o le cu le s , in  th is  case  
giv ing  rise  in  th e  reg io sp ec ific itie s  o f  oxygen a tio n  o f  b u ta n e  
an d  p ro p a n e  from  p re d om in a n t ly  te rm in a l to  p re d om in a n tly  
su b te rm in a l (13).
In  m onooxyg en ase s  o f  th e  n a p h th a le n e  d ioxygenase  fam ily , 
a re s id u e  a t th e  n a rrow e s t p a r t  o f  th e  ac tiv e -s ite  p o c k e t (P h e  
352  in  n a p h th a le n e  d ioxygenase  f rom  Pseudomonas sp . N C IB  
9816-4) (18 ) h a s  a lso  b e e n  show n , v ia  m u tag en e s is  s tu d ie s  (19, 
29 ), to  in f lu en ce  su b s tra te  ra n g e  a n d  reg io se lec tiv ity . X -ray  
c ry s ta llo g rap hy  o f  an  en zym e -p ro d u c t com p lex  in d ic a te d  th a t  
th e  p ro d u c t (a n d  p re sum ab ly  a lso  th e  s u b s tra te )  c o n ta c ts  P h e  
352 w h en  b o u n d  in  th e  ac tiv e  s ite  (6 ). U n fo r tu n a te ly , th e re  a re  
c u rre n tly  to  o u r  k now ledge  n o  s tru c tu ra l  d a ta  fo r  sM M O  o r  its 
h om o lo g u e s  com p lex ed  w ith  a rom a tic  su b s tra te s , b u t th e  s i tu ­
a t io n  w ith  L eu  110 in th e s e  en zym es seem s likely  to  b e  d iffe r ­
e n t, s ince  th is  re s id u e  is o n  th e  e d g e  o f  th e  ac tive  s ite  a n d  less 
likely  to  c o n ta c t th e  s u b s tra te  a t th e  m om en t o f  o xygena tion .
O u r  d a ta  in d ic a te  th a t  L eu  110 is an  im p o r ta n t re s id u e  in  
d e te rm in in g  th e  p re c is io n  o f  reg io se le c tiv ity  o f  sM M O  w ith  
a rom a tic  s u b s tra te s . T h e  v a r io u s  m u ta tio n s  th a t  w e  h av e  m ad e  
a t th is  p o s itio n  re lax  th e  reg io se le c tiv ity  fo r  a rom a tic  s u b ­
s tra te s , w h ich  co u ld  b e  ad v an ta g eo u s  in a c tiv a tin g  p o ly a ro - 
m a tic  p o llu ta n ts  fo r  b io log ica l b re ak d ow n  by  c o n so r tia  o f  m i ­
c ro o rg an ism s . W h ile  o u r  re su lts  d o  n o t a llow  us to  ju d g e
w h e th e r  L eu  110 fu n c tio n s  as  a s u b s tra te  g a te , th ey  s trong ly  
su g g e s t th a t  L eu  110 is n o t th e  lim itin g  f a c to r  fo r  th e  size o f  an  
a rom a tic  s u b s tra te  th a t  c an  e n te r  th e  ac tiv e  s ite . I t  m ay  be  th a t  
th e  im p o r ta n t ro le  th a t  L eu  110 has in  d e te rm in in g  th e  c a ta ­
ly tic  spec ific ity  o f  th e  en zym e  m ay  b e  m e d ia te d  v ia  c o n fo rm a ­
t io n a l ch an g e s  o f  th e  type  a lre a d y  show n  to  a ffec t th is  re s id u e  
in  v a r io u s  c ry s ta l fo rm s o f  th e  en zym e  (30). In  th e  fu tu re , w e  
p ro p o s e  to  u n d e r ta k e  d e ta i le d  k in e tic  a n d  s t ru c tu ra l  ana ly sis  o f  
th e  m u ta n ts  to  d e te rm in e  how  th e i r  e ffec t o n  th e  re g io se le c ­
tiv ity  o f  th e  en zym e  is m ed ia te d .
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